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about the author, e.g. Beit Memorial Fellow, or 
details of financial support, should appear as a 
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should be given concisely; the use of both tables 
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CORRIGENDUM 


Distribution of phosphorus compounds in blowfly thoracic muscle 
By G. M. Price and S. E. Lewis 
Volume 71 (1959) 


p- 178, column 1, lines 12-13 
for 98% 


Formic acid—acetone—water (15:50:35) read 98% Formic acid—acetone—water (14:60:26) 
oO 





: 
































The heartwood and sapwood of the Australian 
myrtaceous tree Hucalyptus wandoo is used as a 
commercial tanning material. In preliminary ex- 
periments with the ether-soluble extractives three 
substances were detected which show an intense- 
blue fluorescence in ultraviolet light, which are red 
with tetrazotized benzidine and which may be 
hydroxystilbenes. All seven hydroxystilbenes 
(Table 1) which have been isolated from the Mono- 
and Di-cotyledonae possess a resorcinol nucleus. 
In the Gymnospermae, the 3:5-dihydroxystilbenes 
of the genus Pinus serve as taxonomic tracers in 
the Pinaceae, they protect the heartwoods from 
wood-rotting fungi and insects and they prevent 
the acid-sulphite pulping of the logs (Hiagglund, 
1941) by forming insoluble resins with the lignin. 
Hydroxystilbenes have not previously been found 
in the Myrtaceae. 


EXPERIMENTAL 


Evaporations were carried out in N, under reduced pressure 
below 35°. Melting points were determined ona Kofler block. 

Separation of the ether-scluble phenols of Eucalyptus 
wandoo heartwood. Heartwood chips (500 g.) were ex- 
tracted in a Soxhlet apparatus with methanol (1-5 1.) for 
10 hr. and 400 ml. of water was added to the extract. 
Partial evaporation left a solution (300 ml.) which was 


continuously extracted for 30 hr. with four changes of 


acetic acid-free ethyl acetate in a Schacherl apparatus. 
Evaporation of the solvent left a solid residue which was 
dried over P,O; at 20° in vacuo for 16 hr. The ethyl acetate- 
soluble fraction (25-2 g.) constituted 5-6% (by wt.) of the 


moisture-free heartwood. An aqueous solution (300 ml.) of 


this fraction was continuously extracted for 24 hr. with 
peroxide-free ether in the Schacherl apparatus, ice—water 
being pumped through the condenser. Evaporation of the 
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solvent left a solid residue (18-8 g.) which was dried over 
P.O, at 20° in vacuo for 16 hr. Yellow wax was removed 
from this fraction (18-8 g.) by extraction with benzene in a 
Soxhlet apparatus, and the residual material (16-6 g.), 
which is known as the ether-soluble phenols, constitutes 
3-7% (by wt.) of the moisture-free heartwood. 

Direct extraction of the initial aqueous solution with 
ether caused excessive frothing, which was obviated by 
intermediate extraction with ethyl acetate. Ether extrac- 
tion of the heartwood chips (500 g.) afforded a residue 
(2-2 g.) which consisted principally of yellow wax (>2-0 g.). 

Ether-soluble phenols from the sapwood and different 
locations in the heartwood. Small samples of drillings were 
taken from a transverse section through a 100-year-old 
primary limb which was 50 em. in diameter. Samples were 
removed from the sapwood, the centre of the heartwood 
and at two locations situated at 1 cm. and 10 cm. inside the 
heartwood-sapwood boundary. 


Paper chromatography 


Chromatograms were run at 25° and dried at room 
temperature unless stated otherwise. Methanolic solutions 
(05%; 5yl.) of the ether-soluble phenols and of fractions 
from the columns were applied to Whatman no. 2 filter 
papers, 25-5cm. square, and chromatographed by the 
ascending method with n-acetic acid as first-way solvent 
and butan-l-ol-acetic acid—water (6:1:2, by vol.) as the 
second. Phenols were detected by their fluorescence in 
ultraviolet light, by the FeCl,-K,Fe(CN), and vanillin 
reagents (Hathway, 1958), and by the tetrazotized benzi- 
dine reagent (Koch & Krieg, 1938; Linstedt, 1950). 
Catechin and gallic acid were resolved with butan-l-ol- 
acetic acid—water (6:1:2, by vol.) as the first-way solvent 
system and m-cresol-acetic acid—water (50:1:49, by vol.) 
as the second. These chromatograms were dried at 70°. 

Single-way chromatography of the hydroxybenzoic acids 
was carried out in Nn-acetic acid, butan-l-ol-acetic acid— 
water (6:1:2, by vol.) and benzyl alcohol-tert.-butanol- 
propan-2-ol-water (3:1:1:1, by vol.) mixture containing 


Table 1. Distribution of hydroxystilbenes in the Mono- and Di-cotyledonae 


Family Stilbene derivative 
Liliaceae 3:5:4’-Trihydroxy- 
3:5:2’:4’-Tetrahydroxy- 
Leguminosae 3:5-Dimethoxy-4’-hydroxy- 


3:5:3’:4’-Tetrahydroxy- 
3:5:3’:4’:5’-Pentahydroxy- 
Moraceae 3:5:2’:4’-Tetrahydroxy- 


2-Homogerany]1-3:5:2’:4’-tetrahydroxy- 


Polygonaceae 


24 


4’.Methoxy-3:5:3’-trihydroxy- 





Reference 
| Takaoka (1940a, c) 
Spith & Schlager (1940); King, Cotterill 
Godson, Jurd & King (1953) 
| King, King, Godson & Manning (1956) 
Barnes & Gerber (1955); Mongolsuk, 
Robertson & Towers (1957) 
King & Grundon (1949). 
Kawamura (1938) 
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1-8 % (w/v) of formic acid (Stark, Goodban & Owens, 1951) 
respectively. The chromatograms with the third solvent 
system were dried at 70°. 

Sugars chromatographed — by 
descending method (Hathway & Seakins, 1958). 


were the single-way 


Separation of compounds B, and By by 
chromatography on a cellulose column 


Use was made of a column (60 cm. x 5 cm.) of Solka Floc 
cellulose (Hathway, 1958) which had been mixed with an 
equal weight of acid-washed kieselguhr (British Drug 
Houses Ltd.) (Grassmann, Deffner, Schuster & Pauckner, 
1956). A methanolic solution (250 ml.) of ether-soluble 
phenols (100 g.) was made into a slurry with Solka Floc 
cellulose (100 g.) and the solvent evaporated. The powder 
obtained was made into a slurry with 0-5N-acetic acid and 
transferred to the top of the column, which was eluted at a 
pressure of 25cm. Hg with 0-5N-acetic acid which con- 
tained 0-002% of SO,. The flow-rate was 120 ml./hr.; 
500 ml. fractions of eluate were collected. For the evapora- 
tion of large volumes of eluate, a circulatory cyclone- 
evaporator (no. 20EF, Quickfit and Quartz Ltd., Stone, 
Staffs.) was used. 

Traces of chlorogenic acid and p-coumarylquinic acid 
and small quantities of catechin, gallic acid and other un- 
known phenols were eluted in the first 4 1. of eluate. 

The succeeding 500ml. of eluate deposited crystals 


(0-6 g.) of pure compound B, on standing. Evaporation of 


the next 5-51. of eluate, together with the mother liquor 
from which compound B, had been deposited, afforded a 
brown glass (20 g.) from which a further quantity of com- 
pound B, was obtained by polyamide-column chromato- 
graphy. 

Elution of the column with methanol (2 ].) and evapora- 
tion of the eluate obtained gave a coloured residue (52 g.), 
m.p. about 250°, of impure compound B,. Acetylation by 
the acetic anhydride—pyridine method gave compound B, 
triacetate, which crystallized from benzene—light petroleum 
(b.p. 80-100°) (1:1, v/v) as glistening plates, m.p. 118-119 
(Found: C, 68-3; H, 5-2; CH,*CO, 35-4. Cale. for Cy>Hyg0, : 
C, 67-8; H, 5-1; CH,*CO, 36-4%), and from aqueous 


ethanol fine needles, m.p. 118-119°. Alkaline hydrolysis of 


the triacetate under N, gave compound B,, which crystal- 
lized from 2.N-acetic acid in felted needles (27 g.), m.p. 264 
on a preheated Kofler block, A,,,, in ethanol 305 mp 
(log € 4-45); 220 my (log € 4-32) (Found: C, 73-5; H, 4-9. 
Calc. for C,,H,,0, : C, 73-7; H, 5-3%). Crystallization of the 
triacetate removed contaminating methoxyl-containing 
impurity from compound B,. 

Purification of compound B, by chromatography on poly- 
amide column. A column (30 em. x 3-5 cm.) of Perlonpulver 
‘feinst’ (Werk Bobingen A.-G.), prepared by the method of 
Grassmann, Endres, Pauckner & Mathes (1957), was used. 
A solution of crude compound B, (4 g.) in methanol—water 
(1:1, v/v) was adsorbed on to the column, which was then 
eluted with the methanol-water (1:1, v/v). The progress 
down the column of a sharp band of compound B, was 
observed by its fluorescence in ultraviolet light, and 500 ml. 
of eluate was collected, and evaporated to 50 ml., which 
deposited clusters of needles (0-5 g.) of compound B,, 
m.p.’s 142° (loss of H,O), 210°; [«]j/ — 68-5° in methanol 


(c, 2-6); light-absorption max. in ethanol 305 my, (log € 
4-45); 220 my (log « 4-32) (Found: C, 58-7; H, 5-8; loss at 
C.,H,,0,,H,O requires C, 58-8; H, 5-9; H,O, 


150°, 4-2. 
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4-4%). The hexa-acetate crystallized from methanol in fine 
needles, m.p. 107°; [«]{ — 21° in acetone (c, 4-4) (Found: 
C, 59-3; H, 5-3; CH,*CO, 40-1. C,,H,,0,,4 requires C, 59-8; 
H, 5:3; CH,*CO, 39-9%). 


Structure of compound B, 


Compound B, (350 mg.) in methanol (20 ml.) was shaken 
in H, with 10% palladinized charcoal (150 mg.): 1 mol. 
prop. was taken up during 30 min. Isolation by evapora- 
tion and crystallization from water yielded dihydro-B, 
(325 mg.), as needles of the monohydrate, m.p. 107°, which 
give the vanillin reaction. Loss of water at 100° (Found: 
7-7. Cale. for C,,H,,0;,H,O: 7-°3%) from the monohydrate 
gave anhydrous dihydro-B,, m.p. 160°, light-absorption 
max. in ethanol 280 my. (log € 3-47) (Found: C, 72-7; H, 
6-0. C,,H,,0, requires: C, 73-0; H, 6-1%). Dihydro-B, was 
characterized as the tri-acetate, which crystallized from 
methanol in needles, m.p. 58° (Found: C, 67-6; H, 5-8; 
CH,*CO, 35-7. CopH90, requires C, 67-4; H, 5-6; CH,*CO, 
36-2%). 

Treatment of compound B, with diazomethane gave the 
tri-O-methy! ether, which was purified by distillation at 
180° and 1 mm. Hg and twice crystallized from methanol 
as plates, m.p. 55-57° (Found: C, 75-2; H, 6-5; OMe, 33-5. 
Calc. for C,,H,,0, : C, 75-5; H, 6-7; OMe, 34-4%). The m.p. 
(264°) of compound B, was not depressed by admixture 
with a specimen of 3:5:4’-trihydroxystilbene, m.p. 263°, 
prepared by the method of Takaoka (19408, d). 


Structure of compound B, 


A methanolic solution (20 ml.) of compound B, (500 mg.) 
was shaken in H, with 10% palladinized charcoal (150 mg.) 
for 30 min., when the uptake of H, was 1 mol. prop. 
Evaporation of the solvent gave a solid which, after 
crystallization from toluene containing a small proportion 
of ethanol, yielded prisms of dihydro-B,, m.p. 208°, 
[x]7? — 36° in acetone (c, 2-5), light-absorption max, in 
ethanol 280 my (log « 3-47) (Found: C, 60-6; H, 6-1. 
CypH,,0, requires C, 61-2; H, 6-1%), which slowly develop 
a red with vanillin reagent. 

Permanganate oxidation. Finely KMn0, 
(1-8 g.) was added gradually to an acetone solution (100 ml.) 
of the hexa-acetate (0-6 g.) of compound B,, and the 
reaction was allowed to proceed at room temperature for 
1 hr., when excess of KMnO, was destroyed with SO,. The 
reaction mixture was evaporated and the residue was 
extracted with ether in a Soxhlet apparatus. Hydrolysis of 
the ether extract was effected by treatment for 30 min. on 
the boiling-water bath with n-NaOH under N,. A mixture 
of phenolic acids (200 mg.) was isolated from the acidified 
reaction mixture with ether. Fractional crystallization 
from water (with charcoal) gave an acid, m.p. 165°, which 
when sublimed and further crystallized afforded p-hydroxy- 
benzoic acid (50 mg.), m.p. 213°, undepressed by admixture 
with an authentic specimen, m.p. 215°. From the original 
mother liquors was isolated 3:5-dihydroxybenzoic acid 
(50 mg.), m.p. 225°, undepressed by admixture with an 
authentic specimen, m.p. 225°. The identity of these two 
acids was confirmed by paper chromatography in three 


powdered 


solvent systems. 

Hydrolysis. Treatment of compound B, (194 mg.) with 
N-H,SO, (10 ml.) on the boiling-water bath for 30 min. 
effected hydrolysis. Extraction with ether afforded 
3:5:4’-trihydroxystilbene (96 mg.), m.p. 264°, undepressed 
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by admixture with an authentic specimen, m.p. 264°. The 
residual aqueous solution was percolated (0-5 ml./min.) 
through a column (bed volume 13 ml.) of De-Acidite G 
anion-exchange resin (1-5 mg.equiv./ml.) in the free base 
form, and the column was washed free from sugar with 
40 ml. of water. 
solution (2 ml.), which was treated with phenylhydrazine 
(180 mg.) and acetic acid (0-2 ml.). Characteristic sheaves 
(200 mg.), m.p. 208° (decomp.), 
formed, which had the same shape and m.p. as an authentic 


Partial evaporation of the eluate gave a 


of glucosazone were 
specimen. Oxidation afforded glucosotriazole, m.p. 195 
196°, undepressed by admixture with an authentic speci- 
men. The identity of the sugar in the eluate with glucose 
was further demonstrated by paper chromatography in 
three solvent systems. The molar ratio of aglucone to 
glucoside was 1:1 (Found: 49% aglucone. Cale. 56%). 

Enzymic hydrolysis. Compound B, (100 mg.) was hydro- 
lysed at 25° for 16 hr. with a solution containing emulsin, 
prepared from almonds by the method of Mann & Saunders 
(1938). 3:5:4’-Trihydroxystilbene (55 mg.), m.p. 264°, 
isolated in 100% yield with ether from the acidified digest. 
Similar enzymic hydrolysis of dihydro-B, gave dihydro- 
B,, ie. 1-(3:5-dihydroxyphenyl)-2-(4-hydroxyphenyl)-eth- 
ane, m.p. and mixed m.p. 160°. 

Hydrolysis of the methylation product. A 
solution (50 ml.) of compound B, (1-5 g.) was treated with 
an excess of diazomethane for 24 hr., when the excess was 


was 


methanolic 


destroyed. The attempted crystallization of the reaction 
product from water afforded an amorphous powder (1 g.), 
m.p. about 160°. Hydrolysis of the methanolic solution 
(80 ml.) of this product with 4N-H,SO, on the boiling- 
water bath under N, for 4 hr. gave the aglucone, which was 
extracted with ether. 3:4’-Dimethoxy-5-hydroxystilbene 
(0-3 g.) crystallized from light petroleum (b.p. 80-100’) in 
plates, m.p. 115-116° (Found: C, 75-0; H, 6-1; OMe, 23-6. 
CygH,,0, requires C, 75-0; H, 6-3; OMe, 24:2%). This 
differed 3:5-dimethoxy-4’- 
hydroxystilbene, m.p. 87-88°, which was prepared by de- 
carboxylation of 3:)-dimethoxy-4’-hydroxystilbene-B-carb- 
oxylic acid. 


compound from authentic 


RESULTS 


The ether-soluble phenols of the heartwood of 
Eucalyptus wandoo are not directly extractable 
with ether, since these compounds are embedded in 
ether-insoluble membrane substances. When the 
heartwood extracted methanol, the 
methanolic extract transferred to water and the 
resulting aqueous solution extracted with ether, 


was with 


nearly 4% of the wood was obtained as ether- 
soluble The pinosylvin 
extractives of Pinus spp. behave similarly, and 
they, too, laid 


phenols. ether-soluble 


are down within ether-insoluble 
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membrane substances (Higglund, Holmberg & 
Johnson, 1936). 

A two-dimensional chromatogram of the ether- 
soluble phenols showed the presence of eight con- 
stituents (Fig. 1). Three of these were chromato- 
graphically indistinguishable from chlorogenic acid, 
catechin or gallic acid and p-coumarylquinic acid 
respectively. Three of the remaining substances 
(spots 4, 6 and 7 in Fig. 1) showed an intense-blue 
fluorescence in ultraviolet light and their 2, values 
and colour reactions were not those of known 
naturally occurring coumarins. The hydroxystil- 
benes (spots 4, 6, 7) gave a red compound with 
tetrazotized benzidine. 

Compound B,, which exhibited absorption bands 
at 220 and 305 my, afforded a saturated dihydro- 
compound, C,,H,,0,, the spectrum of which showed 
a single absorption band at 280myp. The fluor- 
escence of compound B, was quenched by hydro- 
genation. This spectral shift and the quenching of 
the fluorescence on hydrogenation are character- 
In Table 2, 


istic of the hydroxystilbenes. com- 











pound B, is compared with a hydroxystilbene 
075 
: ® 
025 
4 0 
025 050 075 1:00 
2 Re 
Fig. 1. Two-dimensional chromatogram of the ether- 


soluble phenols. The chromatogram was run first in 
n-acetic acid, followed by butan-1l-ol-acetic acid—water 
(6:1:2, by vol.). Spots located by FeCl,—K,Fe(CN),: 1, 
3, un- 
known; 4, compound B,; 5, ellagic acid; 6, unknown; 


chlorogenic acid; 2, catechin and gallic acid; 


7, compound B, ; 8, p-coumarylquinic acid. 





Table 2. 


Takaoka’s compound 


Crystal form —_— 
M.p. 261° 

Colour with FeCl, Dark green 
Triacetate 
Trimethyl ether 


Needles, m.p. 114-116° 
Crystals, m.p. 56-57° 


Comparison of the compound of Takaoka (19404, c) with compound B, 


Compound B, 
Needles 
264° 
Not significant 
Needles, m.p. 118-119° 


Plates, m.p. 55-57° 


24-2 
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which was isolated (Takaoka, 1940a,c) from a 
species of Veratrum (Liliaceae), and which was 
shown to be 3:5:4’-trihydroxystilbene (Takaoka, 
1940a, c). The comparison is a close one, and the 
melting points and the colours with ferric chloride 
suggest that the material isolated in the present 
work is purer. The green colour described by 
Takaoka is incompatible with his proposed 
structure and probably due to slight contamination. 
The mixed melting point of compound B, and 
synthetic 3:5:4’-trihydroxystilbene showed that 
these substances were identical. 3:5:4’-Trihydroxy- 
stilbene was isolated in 1-0 % yield by wt. from a 
mixture of the whole heartwood from different 
trees. 

The ultraviolet-absorption spectra of compound 
B, its dihydro derivative, C. »H,,O0,, are 
identical with those of compound B, and its di- 
hydro derivative respectively. It follows that 
compound B, is also a hydroxystilbene. Oxidative 
degradation of the hexa-acetate of compound B, 
yielded p-hydroxy- and 3:5-dihydroxy-benzoic 
acid. Acid hydrolysis of compound B, afforded 
1 mol.prop. of 3:5:4’-trihydroxystilbene and 1 mol.- 
prop. of glucose. Compound B, is therefore a 
monoglucose derivative of 3:5:4’-trihydroxystil- 
bene, and the lack of reducing properties of com- 
pound B, suggests linkage through carbon atom 
Cy, of the glucose residue. Hydrolysis of the 
glucoside and of the dihydroglucoside by emulsin 
showed that the glucoside linkage is in the f- 
configuration in relation to carbon atom C,,, of the 
glucose residue. The rotations of compound B, and 
of its hexa-acetate accord with those which have 
been recorded for phenol f-D-glucosides and their 
acetates (Elsner, 1935; Jermyn, 1955). Compound 
B, is therefore a B-D-glucoside of 3:5:4’-trihydroxy- 
stilbene. That the hydroxyl group in the 3-position 
of the aglucone may be implicated in the glucoside 
linkage is suggested by the slow response of the 
glucoside B, to vanillin reagent. This is confirmed 
by hydrolysis of the partially methylated glucoside 
which gave 3:4’-dimethoxy -5-hydroxystilbene, 
which differed in melting point from an authentic 


€ 


specimen of the isomeric 3:5-dimethoxy-4’-hydr- 


and 
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oxystilbene. 3:5:4’-'Trihydroxystilbene - 3B-D - glu- 
coside was isolated in 0-1% yield by wt. from a | 


trees. 
DISCUSSION 


The simultaneous occurrence of 3:5:4’-trihydroxy- 
stilbene and its 3-8-glucoside in mixed drillings 
from the heartwood of Hucalyptus wandoo Blak. 
(syn. E. redunca Schau, var. elata) raises the 
problem of the origin of these compounds and of | 


glucoside has been found in the needles, cambium 
and sapwood of Pseudotsuga taxifolia, and in the 
wood or bark of Laria occidentalis, Picea sitchensis 
and Thuja plicata by Hergert & Goldschmid (1958). 
These workers suggest that taxifolin is synthesized 
in the needles, where it is present as the glucoside } 
which is translocated downwards through the inner 
bark and transversely via the rays to the heartwood 
and outer bark. Taxifolin-3’-B-glucoside is hydro- 
lysed to the aglucone by a £-glucosidase which is 
located at or near the sapwood-—heartwood and 
inner—outer bark boundaries. This translocation 
mechanism would account for the concomitance of } 
piceatannol (2:5:6:3:4’ - pentahydroxy - 3:4 - tetra- 
methylenestilbene) (Grassmann, Endres & Pauckner, 
1958) and piceatannol glucoside (2:6:4’-trihydroxy- 5 
3:4 - tetramethylenestilbene - 5:3’ - diglucoside) { 
(Endres, 1958) in the stembark of Picea excelsa. | 
The presence of such glycolytic enzymes in the | 
tissues of forest trees has been demonstrated. Thus } 
Zimmermann (1958) has described an «-galacto- | 
sidase which is attached to the cytoplasm of sieve | 
tubes, and Pridham (1957 and unpublished work) 
has observed the presence of glycolytic enzymes, 
including a f-glucosidase in addition to an «a- 
galactosidase, in the cambial and sapwood tissues { 
of aspen (Populus grandidentata, P. tacamahaca and | 
P. tremuloides). Similar considerations may apply 
to the hydroxystilbenes of Hucalyptus wandoo } 
heartwood, but the fact that the stilbene-f-p- 
glucoside occurs throughout a transverse section | 
through the heartwood (Table 3) suggests that - | 
glucosidases are absent from the heartwood and ' 


2 


Table 3. Distribution of extractives and hydroxystilbenes in a transverse section 
through a 100-year-old primary limb (25 cm. radius) 


Distance from 


Proximate amounts determined by 
comparative paper chromatography 
. A - 


c os ‘\ 
3:5:4’-Trihydroxy- 


3:5:4’-Trihydroxy-  stilbene-3-f-p- 


Location in the centre Extractives stilbene glucoside 
transverse section (cm.) (%) (%) %) 
Sapwood 24 6-1 Absent Absent 
Heartwood 23 25-6 0-6 1-2 
Heartwood 14 21:3 1-0 0-1 
Heartwood 0 16-2 1-5 


0-04 
} 


mixture of the whole heartwood from different | 
2 


their translocation to this tissue. Taxifolin-3’-f- 
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sapwood of this tree, and the absence of this stilbene 
glucoside from the sapwood suggests that it is 
rapidly transported via the rays through this 
narrow zone (of sapwood). Alternatively, these 
hydroxystilbenes may be formed from non- 
aromatic precursors at the sapwood—heartwood 
boundary (Wise & Jahn, 1953). 

3:5-Dihydroxy- and 3-hydroxy-5-methoxy-stil- 
bene cause pine heartwood to resist wood-rotting 
fungi and insects. The activity of the stilbenes 
against these fungi is between 10 and 30 times 
greater than that of phenol (Erdtman & Renner- 
felt, 1944; Rennerfelt, 1943; 1944a-c; 1946). Wood 
which had been treated with a dilute solution of 
3-hydroxy-5-methoxystilbene remained uneaten 
by the termite Cryptotermes brevis Walker after 
4-5 years (Wolcott, 1951). Professor H. Erdtman 
(personal communication) has suggested that the 
presence of hydroxystilbenes in dicotyledonous 
heartwood confers similar protection, and that the 
presence of such hydroxystilbenes may have con- 
tributed to the successful survival of these trees 
during evolution. The antifungal properties have 
been demonstrated of 3:5:2’:4’-tetrahydroxystil- 
bene (Barnes & Gerber, 1955), which occurs in the 
heartwood of Maclura aurantica (Moraceae, see 
Table 1), and of 3:5-dimethoxy-4’-hydroxystilbene 
(King, Cotterill, Godson, Jurd & King, 1953), 
which occurs in the heartwoods of Pterocarpus spp. 
(Leguminosae, see Table 1). 

The occurrence in other Hucalyptus spp. of such 
flavonoids as aromadendrin fin LF. calophylla 
R.Br. and EH. corymbosa Sm. (syn. EL. gummifera 
(Gaertn.) Hochr.)] (Hillis, 1952; Maiden & Smith, 
1895; Smith, 1896), aromadendrin-7-O-methyl 
ether (in EH. maculata Hook) (Gell, Pinhey & 
Ritchie, 1958), kaempferol (in FE. calophylla) 
(Hillis, 1952) and naringenin (in HL. maculata) (Gell 
et al. 1958), which are related to the 3:5:4’-tri- 
hydroxystilbenes in the same way as the flavonoids 
of the genus Pinus are related to the 3:5-dihydroxy- 
stilbenes, recalls Erdtman’s (1956) proposal for 
their ontogenesis. Since the use of C-labelled 
cinnamic acid and shikimic acid and t-phenyl- 
alanine (Geissmann & Swain, 1957; Underhill, 
Watkin & Neish, 1957; Watkin, Underhill & Neish, 
1957) has shown that the phloroglucinol ring of 
such flavonoids as quercetin originates direct 
from acetate metabolism, and that the remaining 
phenylpropane residue of the C-skeleton is derived 
from the shikimic acid metabolic pathway, it follows 
that the resorcinol ring of 3:5-dihydroxy- and 
3:5:4’-trihydroxy-stilbene also originates from 
acetate and that the remaining phenylethane 
residue of their C-skeleton is produced from the 
shikimie acid metabolic pathway, if Erdtman’s 
ontogenetic suppositions apply to the Pinaceae 


and Myrtaceae respectively. 





HYDROXYSTILBENES OF EUCALYPTUS WANDOO 





SUMMARY 


been 


1. Two hydroxystilbenes have isolated 
from the ether-soluble extractives of Hucalyptus 
wandoo heartwood by cellulose- and polyamide- 
column chromatography. 

2. One of the hydroxystilbenes has been identi- 
fied as 3:5:4’-trihydroxystilbene and the other as 
3:5:4’-trihydroxystilbene-3-8-p-glucoside. 

3. In E. wandoo heartwood, the 3:5:4’-trihydr- 
oxystilbenes are laid down within ether-insoluble 
membrane substances. 

4. The translocation, function and ontogenesis 
of the 3:5:4’-trihydroxystilbenes is discussed. 
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Occurrence of vitamin B,, deficiency in animals is 
not common. The maternal carry-over of the 
vitamin to the young and a substantial contribu- 
tion to the host by the intestinal microflora render 
it difficult to induce experimental vitamin B,, 
deficiency even on strictly vitamin B,,-free diets. 
A widely practised method of producing such a 
deficiency is by the use of thyroid-active materials 
like iodinated casein. Young growing animals fed 
on diets supplemented with thyroprotein were 
therefore used by early investigators (Zucker & 
Zucker, 1950) for assays of liver preparations. In 
the presence of an ample supply of other nutrients, 
iodinated casein induces retardation of growth and 
subsequently a high mortality, which are partially 
counteracted by supplementation of the ration with 
vitamin B,. (Emerson, 1949; Cuthbertson, 1949; 
Sure & Easterling, 1950; Graham, Reichstein, 
Watson & Hier, 1952). 

Relatively little is known, however, about the 
mode of action of thyroxine and the counteraction 
of its effects by vitamin B,, in intermediary meta- 
bolism. Recent work of Maley & Lardy (1955) 
suggests that the thyroid hormone probably acts by 
impairing the efficiency of oxidative phosphoryl- 
ation. However, the hormone had no direct effect on 
the enzymes of oxidative phosphorylation, as 
shown by. Cooper & Lehninger (1956) with digi- 
tonin preparations from mitochondria. It is possible 
therefore that damage to the mitochondrial mor- 
phology may be one of the reasons for the observed 


derangements. Fatterpaker, Marfatia & Sreeni- 
vasan (1955) studied certain model conjugation 
systems, such as acetylation of p-aminobenzoic 
acid and benzoylation of glycine, and observed that 
in the hyperthyroid animal there is a marked 
reduction in the efficiency of coupling of the energy- 
generating and -utilizing mechanisms. The counter- 
action of this condition by vitamin B,, led them to 
suggest that the primary manifestation of thyro- 
toxicosis is a deficiency of vitamin B,, and that 
vitamin B,, probably acts by restoration, in part at 
least, of oxidative phosphorylation. 

The work presented here deals with the vitamin 
B,. reserves in tissues of animals fed on diets 
supplemented with iodinated casein. A pronounced 
lowering of liver and blood vitamin B,, is shown to 
be paralleled by a major derangement in the meta- 
bolism of soluble sulphydryl compounds in the 
liver. Observations on centrifugally separated cell 
fractions also indicate damage to the mitochondria. 
All these derangements are corrected by vitamin 
B,., which suggests that vitamin B,. probably 


exerts protection through the maintenance of 


mitochondrial morphology and levels of liver 


sulphydryl compounds. 


EXPERIMENTAL 


Induction of thyrotoxicosis in rats. Weanling rats (Wistar 
strain) 3-4 weeks old and weighing about 40 g. were used. 
They were fed on a purified diet of the following composi- 
tion (per cent, by wt.): ethanol-extracted casein 10, starch 


ag og 





Vi 


Bis 
oth 
the 
ani 
wit 
hy} 
wer 
exp 
I 
(g-/ 
mil! 
and 
I 
ove 
to k 
0-28 
rap 
tiss 
to 
Elv 
tain 
cent 
agg’ 
tion 
Altl 
Slat 
som 
Vv 
and 
atel 
esti 
0 
were 
in 
esse 
(195 
10 n 
the | 
and 
sedi 
mos 
as 
activ 
(Sch 








. 73, 


951). 


957). 
957). 


istry, 


‘orest 


; The 


peni- 
ition 
1Z0iC 
that 
rked 
rgy- 
nter- 
m to 
1yro- 
that 
rt at 


amin 
diets 
need 
vn to 
neta- 
_ the 
1 cell 
dria. 
amin 
yably 


e of 


liver 


Vistar 

used. 
nposi- 
starch 





TN a i 


ee 


Vol. 72 


68, sucrose (vitaminized) 10, salt mixture (U.S. Pharma- 
copoeia IV) 4, sesame oil 6 and shark-liver oil 2. Commercial 
casein was extracted with ethanol first by refluxing for 
12 hr. and subsequently in a Soxhlet-type extractor for 
48 hr. The extracted casein usually contained less than 
10umg. of vitamin B,./g. Vitamins were added at the 
following concentrations (mg./kg. of diet): thiamine hydro- 
chloride 6, riboflavin 10, niacin 30, calcium pantothenate 
20, pyridoxine 6, biotin 1, inositol 500, p-aminobenzoic 
acid 100, choline chloride 500, menadione (2-methyl-1:4- 
naphthaquinone) 10, vitamin E 50 and folic 
Vitamin B,, was omitted. Iodinated casein (Protamone, 
Cerophyl Laboratories, Kansas City, Mo., U.S.A.) was 
incorporated (0-3%) into this diet for an initial period of 
7 days, after which the animals were divided into four 
groups of four to six animals each, which were fed on the 
following diets: I, basal diet; II, basal diet + vitamin B,, ; 
III, basal diet + iodinated casein; IV, basal diet + iodinated 
casein + vitamin B,,. 

Each rat of groups II and IV was given 10 yg. of vitamin 
B,. (Cobione, Merck and Co., Inc.) intraperitoneally every 
other day. The animals were weighed thrice a week. After 
the fourth week from grouping, when the growth rate of 
animals in group III had declined considerably compared 
with that of the basal group and distinct symptoms of 
hyperthyroidism including altered haematological findings 
were present, the animals were used for the various 
experiments. 

The laboratory stock ration used in some cases was 
(g./100 g. of diet): whole-wheat flour 75, casein 12, whole- 
milk powder 2, dried yeast 2, arachis oil 5, sodium chloride 2 
and calcium carbonate 2. 

Preparation of tissues. The rats were kept without food 
overnight and were then killed by decapitation and allowed 
to bleed; the livers were quickly excised and chilled in cold 
0-25m-sucrose solution. After 5 min. the livers were dried 
rapidly by pressing between filter papers, the connective 
tissue was removed and weighed pieces were homogenized 
to a 10% suspension in a previously chilled Potter— 
Elvehjem glass homogenizer. The sucrose solution con- 
tained 1-8 mm-CaCl, when homogenates were used for 
centrifugal separation of cell fractions, in order to avoid 
agglutination of mitochondria and consequent contamina- 
tion of nuclear fractions (Hogeboom & Schneider, 1952). 
Although Ca?+ ions are known (Ernster & Low, 1955; 
Slater & Cleland, 1952) to affect mitochondrial behaviour to 
some extent, the effect may be uniform with all the groups. 

When blood was required, ether anaesthesia was used 
and blood was withdrawn by venepuncture and immedi- 
ately citrated, and portions were centrifuged for separate 
estimations in plasma and cells, 

Centrifugal separation of cell fractions. The homogenates 
were strained through cloth and portions were fractionated 
in an International Refrigerated Centrifuge (PR-2), 
essentially by the procedure of Schneider & Hogeboom 
(1950). Nuclei were separated by centrifuging at 700 g for 
10 min. and mitochondria at 5000 g for 10 min. Each time 
the sediment was washed once with 0-25m-sucrose solution 
and the washings were added to the supernatant. The un- 
sedimented translucent part of the homogenate from which 
most of the large-sized granules were removed was taken 
as the supernatant fraction. Succinic dehydrogenase 
activity, which is known to reside entirely in mitochondria 
(Schneider, Claude & Hogeboom, 1948), was used as a 


acid 5. 


VITAMIN B, AND EXPERIMENTAL THYROTOXICOSIS 


criterion for judging the purity of cell fractions. The 
enzyme activity was followed manometrically with 1 ml. of 
0-1m-phosphate buffer, pH 7-4, 0-2 ml. of 0-01 m-methylene 
blue, 1 ml. of liver homogenate (1:50), or its equivalent 
liver fraction, and 0-2 ml. of 0-01M-sodium succinate in a 
final volume of 3 ml. It was found that in spite of using 
sucrose solution containing CaCl,, some sedimentation of 
mitochondria with nuclei could not be avoided, and only 
87% of the total succinic dehydrogenase activity was 
recoverable in the mitochondrial fraction; the nuclear 
fraction contained about 14% of the activity. Observa- 
tions with the nuclear and mitochondrial fractions are 
therefore subject to these limitations. 

Determination of vitamin B,,. The vitamin was liberated 
by incubation overnight under toluene with papain 
(British Drug Houses Ltd.) with 25 mg./g. of liver or frac- 
tion, or 25 mg./ml. of blood or plasma, in acetate buffer 
(pH 4-6). The samples were then autoclaved at 15 lb./in.? 
for 5 min., homogenized, neutralized and made to volume. 
Necessary blanks were run alongside. Assays were carried 
out with Lactobacillus leichmannii (ATCC 7830) by a 
turbidimetric adaptation of the U.S. Pharmacopoeia 
method. 

Assay of soluble sulphydryl compounds. The soluble 
sulphydryl content of liver and fractions and of blood was 
determined according to the method of Grunert & Phillips 
(1951). Results are expressed in terms of glutathione as 
standard. 

Determination of glutathione. The alloxan 305 method of 
Patterson & Lazarow (1955) for determination of blood 
glutathione was used with the following modifications. 

The metaphosphoric acid extract of liver or fractions, or 
of haemolysed blood, was saturated with NaCl and allowed 
to stand for 15-30 min. in a deep freeze to allow for com- 
plete extraction and precipitation of proteins. To 1 ml. of 
the protein-free filtrate, containing 5% of metaphosphoric 
acid, was added 1 ml. of 0-1M-alloxan solution and the 
mixture was brought to pH 7-5 by successive and rapid 
additions of portions of 0-5N-NaOH calculated previously 
to neutralize exactly the metaphosphoric acid and alloxan 
in the samples. At this pH, glutathione reacts maximally 
with alloxan in 6 min., after which the reaction product is 
stabilized by a further addition of 1 ml. of n-NaOH. The 
extinction of the resulting ‘glutathione—-alloxan’ complex 
was read at 305 mp in a Beckman DU spectrophotometer. 
The non-specific absorption in the sample was eliminated by 
reading the sample against a blank containing all the con- 
stituents except alloxan, which was replaced by water. 
The amount of glutathione in the sample was read from a 
standard curve obtained with graded amounts of gluta- 
thione treated similarly and which was corrected for 
absorption due to alloxan-decomposition products. The 
values reported are, however, subject to the limitations 
described by the original authors. 

With 50-100 mg. amounts of liver as homogenate, and 
with 50yg. additions of glutathione, recoveries ranging 
from 97-5 to 103-0 % of added glutathione were obtained by 
this procedure. 

Incorporation of cysteine into glutathione in vivo. In 
experiments on the incorporation of administered cysteine 
into liver sulphydryl compounds in vivo, the following pro- 
cedure was adopted. t-Cysteine hydrochloride (30 mg.) in 
neutral solution (1 ml.) was given intraperitoneally to 
adult young rats (100 g.) and the animals were killed at 
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stated intervals. Vitamin B,, (10yg./rat) was injected 3s a 
intraperitoneally 3hr. before the cysteine. Total liver - & a i f 
sulphydryl compounds and glutathione were determined as £ £ 3 & as Se 3a x ¢ 
above. ok eae ; s 
Enzyme activities. The enzyme activities of the homo- a $5 a 
genates and cell fractions were determined immediately £ = 
after fractionation. All incubations were at 37°. Adenosine 2: ee 
triphosphatase was determined according to Schneider ee Asay es 2 
(1946) with the inclusion of Mg*+ ions to study the Mg?+ 2 & g S > H 5 5; 5 
ion-activated adenosine triphosphatase reported present 5 S Fes = ess =s f 
in nuclei (Novikoff, Hecht, Podber & Ryan, 1952). Pyro- a & me" SH 4S na 0 
phosphatase activity was estimated by the procedure of ex a 
McElroy, Coulombre & Hays (1951). For the determina- on 2 . & ri 
tion of acid phosphatase activity the method of Palade 2 a £- E- =~ +N @ a 
(1951) and for alkaline phosphatase that of Dounce (1943) ay Ss = S222 2 e 
were followed. zs. ™ * o 
Inorganic phosphate was estimated by the method of we 
Tausky & Shorr (1953). All results are expressed as mg. of i. ed, as a ( 
inorganic phosphate liberated/hr./g. of fresh liver. ~~ 2 SSR BA Bw 
Determination of lipids. The total lipid content was taken . zy s lt lala wa a a 
as the total ether-extractable material after drying at 90°. e 
The weights were checked with those of the extracted < : ie : 
residues. @ se Sq a 
Determination of phospholipids. Portions of homogenates 3 a2 gE — i — h 
or fractions were treated thrice with cold 10% trichloro- = Ss xere2, =| a 
acetic acid to extract acid-soluble phosphorus (Schneider, So) ok Sb li 
1945). The residue was resuspended in water and washed 8s 3 = ca c 
twice with 95% ethanol to remove trichloroacetic acid. & 36 , x 
Phospholipids were then repeatedly extracted by boiling the 3 = 2g £ -. tl 
residue with ether—-ethanol (1:3) (Kennedy, 1953), and the S se” Be we oe b 
extracts were combined and the solvents evaporated. The S OB Beeot x t] 
residual fatty material which contained the phospholipids = 2a x $ ~ 
was then digested with perchloric acid and phosphorus was "3 bo = > o " 
determined in the digest by the method of Tausky & Shorr S 5 & th 
(1953). The phospholipids were calculated by using 22-7 as = 3s | 
conversion factor. Ss a $ wi 0 a n V) 
Determination of total choline. The procedure adopted for ae. 2 ~o* % % g 5 H 
the liberation of choline from tissue samples was a modifi- . eS SSP ones x fe 
cation of the method of Luecke & Pearson (1944). To — a2 422 a % a mm fr 
portions of liver homogenate or fractions corresponding to 2 9 z tl 
lg. of fresh liver was added 5 ml. of 3% H,SO, and the 7s 3S & D 
mixture was autoclaved for 2 hr. at 15 Ib./in.? (Horowitz & Ent eae ae eS ee 
Beadle, 1943). The hydrolysate was cooled, neutralized = = BE. 232 2 = 
with Ba(OH), to pH 5-0-5-5 and made to a convenient 3 © = aaa a (u 
volume and filtered. The filtrate was used for the determi- ee a a 3s st 
nation of choline: 5-10 ml. was passed through activated 2% “ON a A th 
(Hennessey, 1941) Decalso (The Permutit Co. Ltd., ge “Y th 
London, W. 4) columns. After washing the column with a p de 
0-3% NaCl solution the choline was eluted with 5% NaCl 8 = EES Sm w © 7" 
solution. A portion of the eluate containing about 10-20 yg. > oa : to 
of choline was used for precipitation as periodide by the - Ps de 
method of Appleton, La Du, Levy, Steele & Brodie (1953). Bs a : 
The precipitate was centrifuged in specially tapered centri- ano g E tom A 
fuge tubes and dissolved in redistilled and moisture-free 3 ow 5 bm bo aon i Ht 
ethylene dichloride. The light absorption was measured on t4 3 a oo 7 © 
the Beckman DU spectrophotometer at 365 my and results pas =) le 
were read from a standard curve for choline in the range © g.8 a a 
0-50 yg. oe 3 = z oS 
Determination of non-protein nitrogen and free amino acids. 3.8 22s +8 
Samples of plasma or liver homogenates were deproteinized « 0 = S 2 5 5 = 
with 10% trichloroacetic acid and the non-protein nitrogen Ee = - 3 oS : 
was determined in the filtrates by digestion and direct so > re oe 
nesslerization by the method described by Umbreit, Burris = ao $33 2 ¢ 2 
& Stauffer (1946). S& Saa°c ae 
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Protein-free plasma and liver filtrates were assayed for 
free amino acids microbiologically, according to the pro- 
cedures of Hier & Bergeim (1945) and of Solomen, Johnson, 
Sheffner & Bergeim (1951) respectively, in the uniform 
assay media of Henderson & Snell (1948). 


RESULTS 


All values reported represent averages in each case 
of not less than five independent samples. 

The growth-rate and haematological results for 
rats in the different groups over a period of 5 weeks 
are given in Table 1. The growth rate of animals 
even in the basal group was suboptimum, pre- 
sumably because of the low amount of protein 
(10%) in the diet. 


Vitamin Byo 


A marked fall in the concentration of vitamin B,, 
in the circulating blood was observable in the 
hyperthyroid rats. This was prevented by the 
administration of vitamin B,.. A similar fall in 
liver vitamin B,, of thyrotoxic animals was also 
corrected by the vitamin (Table 2). In the last 
case, most of the additional vitamin was present in 
the nuclear and supernatant fractions. It has also 
been found that the low levels of vitamin B,, in 
thyrotoxic animals deficient in vitamin B,,. return 
to normal when iodinated casein is withdrawn from 
the diet. 

Iodinated casein has been reported to obstruct 
vitamin B,, absorption in chicks (Kano, Anderson, 
Hougham & Charkey, 1954). 
ference in the absorption of ingested vitamin B,, 
from the gut was observed in rats made hyper- 
thyroid by feeding with iodinated casein diets. 
Determination of vitamin B,, levels in the livers at 
intervals of 6 and 24 hr. after 10 yg. of the vitamin 
(in 1 ml.) was given to the rat (Haffkine strain) by 
stomach tube under mild ether anaesthesia showed 
that within 6 hr. the vitamin content of hyper- 
thyroid-animal livers rose to normal and then 
declined to original levels during 24 hr. (Table 3). 
The absorption of the vitamin therefore appeared 
to be determined solely by the extent of vitamin B,, 


However, no inter- 


deficiency in the animal. 


Table 2. 
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Metabolism of sulphydryl compounds 


In experiments with adult young rats on the 
laboratory stock diet, it was observed that maximal 
values for sulphydryl compounds in liver were 
reached within 3hr. of cysteine administration 
(Table 4). 
compounds in liver is normally accounted for as 
glutathione, only about 50% of the total sulphy- 
dryl compound reacted as glutathione at this time 
after administration of cysteine. Normal amounts 
of total sulphydryl compounds were reached about 
24 hr. later. The glutathione concentration, how- 
ever, steadily increased up to 12 hr., again reaching 
normal levels after 24hr. Thus between 3 
12 hr. there was a steady increase in the proportion 
of glutathione to total sulphydryl. 
administration of 10 yg. of vitamin B,, to animals 
on stock diet did not make any difference to this 
pattern (Table 4). The absence of an effect due to 
vitamin B,, on the incorporation of cysteine into 
glutathione might be because these stock animals 
had sufficient liver of B..- 
hyperthyroid vitamin enhanced 
glutathione synthesis (Table 5). 

From the results reported in Tables 6 and 7 it 
may be seen that the pronounced lowering of 
tissue and blood vitamin B,, in the hyperthyroid 
by 
reserves of liver sulphydryl compounds, a greater 
portion of the depletion being limited to the soluble 
fraction of the liver cells only (Edwards & Wester- 


Although a major portion of sulphydry] 


and 


Previous 


vitamin In 


Bye 


stores 


animals, 


rat is accompanied a major depletion of 


feld, 1952). The mitochondrial fraction was very 
low in content of sulphydryl compounds. The small 
amount 
labile. Vitamin B,, counteracts these conditions 


present in the nuclei is relatively less 
appreciably. 

The incorporation of administered cysteine into 
liver and blood sylphydryl compounds in vivo is 
also found to be decreased in the hyperthyroid 
animal. Sulphydryl compound levels were deter- 
mined 3hr. after cysteine administration. A\- 
though the major increase occurred in the soluble 
fraction of liver, the nuclear sulphydryl compounds 
also rose appreciably. These studies are included in 
Tables 6 and 7. 


Distribution of vitamin By, in liver 


For details see Table 1 and text. 








Diet 
Basal 45°-3+5- 
Basal + vitamin B,> 49-2+3- 
Basal + iodinated casein 37-9+2- 
Basal + iodinated casein + vitamin B,, 96-344 


Vitamin B,, (umg./g. of fresh liver or equivalent) 


Whole liver 


tI bo 


‘o 


Supernatant 


Nuclei 





Mitochondria 
14-2+1-0 12:9+0-7 16-8+2°7 
20-8+1-8 13:2+1-2 12:9+0-9 
13-7 +0-7 8-1+40-2 14:7+1:3 
41-3+3-0 18-4+0-4 31:9+3:°1 
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An observation emerging from this study is the 
increase in blood sulphydryl compounds during 
thyrotoxicosis and its reversal by vitamin B,, 
(Table 6). Such an observation has also been 
reported earlier from this laboratory (Fatterpaker 
et al. 1955). However, a differential assay of blood 
sulphydryl compounds indicated that this rise is 
not due to glutathione, which is actually slightly 
depleted (Table 8). 


Lipids and total choline 


The pyridinonucleotide content of hyperthyroid 
rat-liver mitochondria has been shown to be lower 
than that of normal ones (Maley & Lardy, 1955), 
and since mitochondrial behaviour appears to be 
altered in thyrotoxicosis, as is evident from the 
altered vitamin B,, distribution and also from 
other studies (Kasbekar & Sreenivasan, 1959), it 
was of interest to study the lipid content of 
hyperthyroid animal livers. Studies on fat distribu- 
tion of livers are included in Table 9. 

The increase in neutral liver fat in hyperthyroid 
animals occurs both in the particulate and soluble 
fractions, the major variation occurring in the 
latter, wherein a greater portion of the neutral fat 
separates out on homogenization. 

Phospholipids are major structural constituents 
of mitochondrial membrane. Depletion of these 
phospholipids could therefore accompany damage 
to mitochondria. It has been suggested that the 
lipotropic action of choline might arise as a result 
of its presence in the structural phospholipids of 
mitochondria and that fatty infiltration would 
follow a depletion of choline-containing phospho- 
lipids and hence an impairment of mitochondrial 
integrity. No major alteration in phospholipids of 
mitochondrial fraction was, however, observable in 
hyperthyroid animals, this being limited to the 
soluble fraction. The values for total choline 
indicate a 20-30 % decrease in all fractions (Tables 
10 and 11). 

Enzyme activities 


Results of a study of the activities of certain 
phosphatases, particularly that of adenosine tri- 
phosphatase, which can be representative of the 
extent of damage to mitochondrial structure 
(Kielley & Kielley, 1951), are included in Tables 
12-14. 

The adenosine triphosphatase activity of hyper- 
thyroid-animal livers was significantly increased, 
the major increase being limited to the mito- 
chondrial fraction. There was little redistribution 
of the enzyme in the cell particles. Pyrophos- 
phatase and acid phosphatase showed increased 
activities in iodinated casein-fed groups, whéreas 
alkaline phosphatase activity was slightly reduced. 


A transfer of these enzymes from particulate to 
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1-50 


30 
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10-40: 
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Animals were killed for assay for liver 


1-05 40-25 
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11-0 
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82-5+4-0 
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Table 3. Intestinal absorption of vitamin By» 
Liver 


P 


(umg./g.) 


‘0 


3-5 


cv 


(umg./g.) 
75-¢ 


Diet 


9d cups were withdrawn for half-hour periods before and after vitamin B,, (10 ug.) was administered by stomach tube. 
Basal + vitamin B,, 


and blood vitamin B,, at 6 and 24 hr. intervals. 


Time (hr.) 


+ O-s 


1-00 


+ 0-25 


20-8 1-00 + 0-20 1-00 


+ 6°5 


0 


104+] 


60-04 
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casein 


+0-20 


1-50 


1-50 +0-25 


0-00 


O0+8°5 


115 


37-0 
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115-0+ 
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Table 4. Glutathione synthesis from injected cysteine by normal rat liver in vivo 


Adult young rats (100 g.) on the laboratory stock diet were injected intraperitoneally with 30 mg. of cysteine hydro- 

chloride in 1 ml. of neutral solution and the animals were killed at the stated intervals for removal of liver. Determinations 

\ of total sulphydryl compounds and glutathione were made according to methods detailed in the text. Vitamin B,,, where 
given, was also injected intraperitoneally (10 .g./rat) 3 hr. before the intraperitoneal injection of cysteine. 


Total sulphydryl Glutathione 
(mg. ims g. of fresh jm vee) (mg./100 g. of fresh liver) 
—— ee —, Con — A — 
Ww ithout With Ww ithout With 
vitamin B,, vitamin B,, vitamin B,, vitamin B,, 
Normal 139-8 + 10-4 — 131-2+7°8 — 
} Time after cysteine (hr.) 
3 273-1+14-6 270-6 +17-4 141-3+9-6 138-9+ 11-2 
5 243-44-11-8 249-0+ 11-1 159-6+6-9 167-1+5-4 
7 216-8 + 12-9 223-7+ 9-8 176-0+5-8 179-2+7:° 
12 194-0-+ 12-1 210-1+ 8-7 177-7+6-7 186-0+4-6 
14 190-1 +- 10-4 186-5+-11-0 179-9+8-0 174-1+8-9 
24 120-9+ 11-3 130-2 + 13-4 109-1 + 4-4 114-2+5-7 


Table 5. Incorporation of cysteine into liver glutathione 


Animals were fed and grouped as detailed in Table 1 and in the text. Cysteine administration was at 30 mg./100 g. 
body wt. Other details were as described in the text. 


Glutathione (mg. vo g. of fresh ae) 








Time after Basal diet + 
cysteine Basal diet + Basal diet + iodinated casein + 
\ (hr.) vitamin B,» iodinated casein vitamin B,, 
0 85-5+5-4 37-1+3-8 
| 3 : 98-9 +6- ; 45-0+2-9 
7 120-1 +-5- 55-4+4-0 
14 135-0+4- 9 61-24+3°5 = 
24 89-7+6-0 35-4+45-1 66-0+3-9 


Table 6. Incorporation of cysteine into sulphydryl compounds of liver and blood 


For details see text and Tables 1 and 5. In the groups injected with cysteine intraperitoneally, the animals were killed 
3 hr. after its administration. 








} Sulphy a compounds (mg. pa g. fresh wt.) 
Without cy steine W ith cysteine 
| co Or cC ey 
Animals and diet Liver Blood Liver Blood 
Basal diet 
Vitamin B,,-deficient 75:2+7°1 10:9+1-8 213-:0+16-1 23-9+2:9 
Vitamin B,,-fed 83-0+6-5 11-5+1-5 259-2+414-2 23-2+3- 
Hyperthyroid diet 
Vitamin B,,-deficient 27-2+4-2 25-6+2-6 96-4+11-3 
Vitamin B,,-fed 57-3+48-9 18-7+1-4 209- 14 7-5 





Table 7. Distribution of sulphydryl compounds in liver fractions 
For details, see Table 6 and text. 
Suighy dryl compounds (mg. 100, 8. equivalent of liver) 





rc - ition 











Ww ithout cysteine Ww ith cyste ine 
c =a. aA ” no — [ 7 7 ea 

Animals and diet Nuclei Supernatant Nuclei Supernatant 
Basal diet 

Vitamin B,,-deficient 11-6+1-1 62-3+ . 8 16-44 2-6 184-5+10-1 

Vitamin B,,-fed 12:0+0-7 67-1+6-5 18-2+2-9 227-2+11°8 
Hyperthyroid diet 

Vitamin B,,-deficient 9-0+0-9 17-8+5-9 12-6+1-8 82-84 7-6_ 

Vitamin B,,-fed 10-5+1-0 45-6+7-2 14-142-4 185:0+14-5 
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Table 8. Incorporation of cysteine into blood glutathione 
The glutathione values reported are for samples of blood whose total sulphydryl values are given in Table 6. 
Glutathione (mg./100 ml.) ' 
Diet Without cysteine With cysteine 
Basal 8-94+4 1-04 13-11+1-82 
Basal + vitamin B,, 10-12+0-81 16-24+ 1-41 
Basal + iodinated casein §°42+1-27 7-61+1-16 
Basal + iodinated casein + vitamin B,, 7-96 +0-68 10-16+ 1-02 
Table 9. Distribution of liver lipids ( 
For details of diets and grouping see Table 1 and text. 
Lipids (mg./g. of fresh liver) 
a — - A — = — —————EE 
Group Whole homogenate Nuclei Mitochondria Supernatant 
Control 
Vitamin B,,-deficient 24-741:3 4-7+0°3 5-5 +0-4 14-4+0-8 
Vitamin B,,-protected 19-9+ 2:1 4:0+0°1 4-:9+0:°1 10-8+1-1 
Hyperthyroid 
Vitamin B,,-deficient 32-8+1-9 6-2+0:3 7°2- 19-7+1-3 
Vitamin B,,-protected 23-6+2-4 4-6+0-2 5-9+0-% 13-2+1-0 
Table 10. Distribution of liver phospholipids 
For details of diets and grouping see Table 1 and text. f 
Phospholipids (mg./g. fresh wt. equivalent of liver) | 


Supernatant 
6-12+0-16 
6-14+0-21 
4-9240°15 
5-45+0-19 


Supernatant 
2°52 +0-14 
2-63 +0-07 
1:96+0-1] 
2-99 +016 


Diet Whole homogenate Nuclei Mitochondria 
Basal 12-68 +.0-36 2-15+0-07 4-31+0-10 
Basal + vitamin B,, 12-81+0-40 2-21+0-12 4-43 +0-14 
Basal + iodinated casein 10-93 +.0-24 2-04+0-05 3-91+0-08 
Basal + iodinated casein + vitamin B,, 11-64+0-32 2-20+0-10 4-13 +0-06 

Table 11. Distribution of total liver choline 
For details of diets and grouping see text. 
Choline (mg./g. fresh wt. equivalent of liver) 

Diet Whole homogenate Nuclei Mitochondria 
Basal 4-81+40-24 0-92 +0-08 1-50+0-12 
Basal + vitamin B,. 5-01+0-19 1-08 +0-09 1-46+0°15 
Basal + iodinated casein 3°82 +0-07 0-64-+0-05 1-14+0-11 
Basal + iodinated casein + vitamin B,, 4-51+0-17 0-99+0-11 1-36 +0-07 


Table 12. Liver adenosine triphosphatase activity 
For details of diets, grouping and methods see Table 1 and text. 


P liberated (mg./hr./g. 


/ 


of fresh liver) 


Whole homogenate Mitochondria 





Animals and diet Nuclei 
Basal diet 
Vitamin B,,-deficient 7-9+0-4 6-5+1-4 
Vitamin B,,-fed 6-1+0-2 2-4+0-6 
Hyperthyroid diet 
Vitamin B,,-deficient 27-642-1 9-7+0-2 8041-7 
Vitamin B,,-fed 20-7 +3-2 77103 4-441°5 


Supernatant 


10:0+0-9 
8-8-4 1-1 


Vo 


Bas: 
Bas: 
Bas: 
Bas: 

cas 


colu: 
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Table 13. Activities of liver pyrophosphatase, acid phosphatase and alkaline phosphatase 





For details of diets, groupings, etc. see Table 1 and text. 


P liberated (mg./hr./g. of fresh tissue) 


\ ieee oo 





Acid Alkaline 


Animals and diet Pyrophosphatase phosphatase phosphatase 
Basal diet 

Vitamin B,,-deficient 27-4+42-4 3°84+0-18 0-99 +0-03 

Vitamin B,,-fed 21-3+2-0 3-26+0-12 1-13 +0-07 
Hyperthyroid diet 

Vitamin B,,-deficient 30°8+3-°1 3-92+0-21 0-85 +0-08 


} Vitamin B,,-fed 24:341-8 3-80+0-17 1-14+0-05 


Table 14. Distribution of phosphatases in liver-cell fractions 
For details of diets, groupings, etc. see Table 1 and text. N, Nuclei; M, mitochondria; S, supernatant. 


Percentage distribution of enzyme activity 








Pyrophosphatase Acid phosphatase Alkaline phosphatase 

ee eee cian ape pete acini Nag ; 

Diet N M 8 N M 8 N M 8 
Basal 16-7 14-9 65:3 12:3 43-2 41-4 68-9 0 25-8 
Basal + vitamin B,». 23-5 19-7 58-2 14-7 51:8 31-9 83-0 0 14-9 
Basal + iodinated casein 13-9 11-4 74-0 11-8 40-0 50-0 65-0 0 32-6 
Basal + iodinated 18-1 15-6 65-9 12-9 41-8 40-8 72-9 0 18-4 


casein + vitamin B,. 


Table 15. Concentrations of non-protein nitrogen and free amino acid in liver 








| For details of diets, groupings, etc. see Table 1 and text. Values for amino acids are those for the amino acids given in 
column 1, which gave the same assay. 
Control Hyperthyroid 
(mg./100 g. of fresh liver) (mg./100 g. of fresh liver) 
Reece et coe ees oe ~~ Coe ee ee ree ee ee ee ee 
Vitamin B,,-deficient Vitamin B,,-fed Vitamin B,,-deficient Vitamin B,,-fed 
Non-protein N 310+14 290+8 420+12 340+19 
L-Arginine 3°36 +0-12 1-72+0-08 4-66+0-12 3°68 +0-16 
L-Histidine 12-14+0-78 10-01+1-10 15-40 +0-96 12-14+0-84 
( pL-Isoleucine 3-68 +0-12 2-56+0-06 3-71+0-09 2-91+0-13 
pL-Leucine 9-98 +0-30 7°74+0-07 10-11+0-10 8-85+0-25 
L-Lysine 7-79+1-81 4-91+1-12 9-26+1-51 7-72+0-68 
pL-Methionine 12-41+0-86 8-62+0-40 16-12+0-75 10-18+0-94 
pL-B-Phenylalanine 11-55+0-32 5-18 +0-06 15-48+0-12 8-65+0-11 
pL-Threonine 54-16 + 1-56 19-78+1-18 64-98 + 2-48 32-32+0-99 
pL-Tryptophan 1-42+0-06 0-98+0-01 2-07 +0-04 1-17+0-02 
DL-Valine 9-29+0-79 7-04 + 0-69 9-61 +0-46 8-65+0-76 


Table 16. Concentrations of non-protein nitrogen and free amino acids in plasma 
For details of diets, groupings, etc. see Tables 1 and 15 and text. 


Control Hyperthyroid 
(mg./100 ml. of plasma) (mg./100 ml. of plasma) 





t : = —— f = _— se — 
Vitamin B,,-deficient Vitamin B,,-fed Vitamin B,,-deficient Vitamin B,,-fed 


) Non-protein N 100-4-+. 64-0 51-20+38-3 121-6+89-0 89-7+ 10-9 
L-Arginine 18-67 + 0-26 4-62+0-15 20-94 +.0-21 8-14+0-19 
L-Histidine 6-00 +0-14 2-28 +0-09 6-00 +0-12 2-70 -+.0-04 
pL-Isoleucine 3-39+0-15 2-64+0-06 4-78 +0-10 3-16+0-11 
pDL-Leucine 6-15 +0-22 2-25+0-°31 6-75 40-25 2-54+0-19 
pL-Lysine 7:-45+0-61 5-02 40-52 1]-23+0-41 7-21+0-33 
pL-Methionine 5-94-+0-10 0-84+.0-04 6-24 +-0-04 1-:32+0-06 
DL-B-Phenylalanine 7-20+0-09 2-01+0-02 7-24+-0-05 2-92+0-02 
pL-Threonine 4-88 +0-26 4:16+0-46 5-70 +0-31 4-62+0-29 
DL-Tryptophan 3-24+40-16 2-34-+40-25 4-80+0-18 2-94+0-14 


DL- Valine 6-60 +0-12 3-00 + 0-08 6-80-+0-11 3-70+0-18 








3 





the soluble fraction is evident from distribution 
studies with cell fractions of normal and hyper- 
thyroid-animal livers, and would point to damage 
to the particulate fractions in vivo. Vitamin By» 
counteracts these changes to a considerable extent. 


Free amino acids in tissues of thyrotoxic animals 
and the effect of vitamin Byy 


In chicks, an increased urinary nitrogen ex- 
cretion in thyrotoxicosis has been attributed to a 
catabolism of tissue proteins (Rupp, Paschkis & 
Cantarow, 1951). A quantitative study of non- 
protein nitrogen and free amino acid levels of 
plasma and liver was therefore undertaken. It is 
evident from the results (Tables 15 and 16) that 
there is a considerable rise in non-protein nitrogen 
and in free amino acids in both plasma and liver, 
the increase being more marked in plasma. Vitamin 
B,. administration exerts a moderating effect on 
these levels, indicating that the vitamin checks the 
drain on tissue protein. Charkey, Kano & Anderson 
(1954) observed a similar moderating effect of the 
vitamin on free amino acid levels in chick blood 


during fasting. 


DISCUSSION 


The foregoing results indicate that the deficiency of 
vitamin B,, in thyrotoxicosis does not arise as a 
result of an interference with the intestinal ab- 
sorption of the vitamin, which depends on the 
vitamin B,, status of the animal, but is due 
apparently to the decreased retention of vitamin 
B,, or to its increased metabolic requirement or to 
both. There is a pronounced decrease of the vitamin 
in liver and its mitochondrial fraction. A similar 
decrease in blood vitamin B,, is accompanied by a 
loss of the erythrocyte vitamin to the plasma. 
These observations therefore suggest damage to 
cells and cellular particles. 

Damage to cells and cellular particles on ageing 
or on subjecting them to adverse environmental 
conditions is known to lead, among other things, to 
changes in enzyme activities and distribution 
(Kielley & Kielley, 1951). Similar changes have 
been described in mitochondrial fractions from 


fatty livers (Dianzani, 1954). Decreased levels of 


pyridinonucleotides and uncoupling of oxidative 
phosphorylation in mitochondrial preparations 
from thyrotoxic-rat livers have also been reported 
(Maley & Lardy, 1955). The increased mitochon- 
drial adenosine triphosphatase activity and altered 
vitamin B,,. 
mito- 


distribution of phosphatases in 


deficiency suggest analogous changes in 


chondrial properties. 

In the hyperthyroid animals no appreciable 
change in phospholipids of liver mitochondria was 
It is possible that an alteration in the 


observed. 
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nature of mitcchondrial phospholipids underlies 
damage to the mitochondrial membrane. Witter & 
Cottone (1956) suggested that lecithin in mito- 
chondria might be converted into lysolecithin 
during mitochondrial damage. Vitamin B,, may 
aid in the maintenance of mitochondrial integrity. 

The lowering of blood and liver vitamin B,, in the 
hyperthyroid animals is closely paralleled by a 
depletion of glutathione reserves of these tissues. 
It has been demonstrated by Goldzieher, Rawls & 
Goldzieher (1953) that administration of cysteine 
results in an increase in the non-protein sulphydry] 
compounds of rat liver. The 
administered cysteine into liver and blood gluta- 
thione also suffers in the hyperthyroid animals. 
These results therefore suggest the participation of 
vitamin B,, in the metabolism of sulphydryl com- 
pounds. A depletion of blood glutathione in per- 
nicious-anaemia patients and in vitamin B,,- 
deficient rats has been reported to be restored to 
normal by administration of vitamin B,, (Ling & 
Chow, 1953, 1954; Register, 1954). During thyro- 
toxicosis the depletion of blood glutathione is 
accompanied by an increase in the content of total 
sulphydryl compounds. 

The mechanism by which vitamin B, could 
exert against damage to _ cellular 
structures is not clear. It is possible that this 
protection might arise from the effect of the vitamin 


protection 


on glutathione reserves of the cell because of the 
protection of mitochondrial integrity by sulp- 
hydryl groups. Thus Tapley & Cooper (1956) 
found that sulphydryl-binding compounds pro- 
duced a rapid and pronounced mitochondrial 
swelling, suggesting that sulphydryl groups might 
play an important part in determining the mito- 
chondrial structure or permeability or both. The 
suggestion of Hunter, Davis & Carlat (1956) that 
oxidation of sulphydryl groups might precede 
damage to mitochondrial structure supports this 
hypothesis. Witter & Cottone (1956) observed that 


lysolecithinase of snake venom was capable of 


producing damage to mitochondrial structure as a 


result of conversion of lecithin into lysolecithin. If 


the damage to mitochondria arises from an activa- 
tion of lysolecithinase of mitochondria, Labarre’s 


observation (1945) that the haemolytic effect of 


cobra venom in rabbits can be abolished by a 
simultaneous or prior administration of glutathione 
would again suggest a role for this metabolite in 
protecting cellular material from damage. Factors 
producing vitamin B,, deficiency and leading to a 
depletion of glutathione might therefore be 
expected to lead to an impairment of mitochondrial 
structure, of oxidative phosphorylation and 
eventually to a general metabolic derangement. 
These would be corrected by vitamin B,,. probably 
through its influence on glutathione reserves. 


incorporation of 
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SUMMARY 


1. Effects of experimentally induced hyper- 
thyroidism in rats and protection by vitamin B,, 
have been investigated. 

2. It was observed that thyrotoxicosis results in 
a vitamin B,, deficiency in blood and in liver and 
its mitochondrial fraction. 

3. In thyrotoxicosis there is no interference in 
the Bie 
appears to depend mainly on the vitamin B,, status 
of the animal. 

4. The depletion of liver and blood glutathione 


intestinal vitamin absorption, which 


closely follows the fall in tissue vitamin B,, levels. 
5. The incorporation of administered cysteine 
into liver glutathione is also decreased in thyro- 
toxicosis. 

6. There is an increased accumulation of fat in 
fractions, 
particularly the supernatant. A slight drop in total 


liver and its centrifugally separated 
choline content is seen in all fractions; however, 
phospholipid content does not undergo significant 
alterations, those observed being limited to the 
soluble fraction. 

7. An tri- 


phosphatase and an altered distribution of other 


increased mitochondrial adenosine 
soluble phosphatases in liver also suggest damage 
to the cellular particles in the thyrotoxic animal. 

8. A non-protein 
nitrogen and free amino acids occurs in the liver and 
plasma of hyperthyroid animals. 

9. The protective action of vitamin B,, is 
reflected in a correction of the various metabolic 


considerable increase in 


derangements observed in thyrotoxicosis. 

10. The observations are discussed with special 
reference to the signiticance of sulphydryl com- 
pounds in the maintenance of normal mitochondrial 
properties. 
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Recent work on the biochemical and histological 
changes after administration of carbon tetra- 
chloride to rats has demonstrated that cell fractions 
from steatotic livers, particularly mitochondria, 
undergo morphological modifications (Dianzani, 
1953; Dianzani & Bahr, 1954) accompanied by 
major biochemical alterations (Dianzani, 1954a, b, 
1955, 1956, 1957; Dianzani & Dianzani, 1957; 
Dianzani & Viti, 1955) including uncoupling of 
oxidative phosphorylation (Dianzani, 19545). 
Metabolic derangements would obviously follow 
the uncoupling of oxidative phosphorylation since 
this is the only major pathway linking the utiliza- 
tion of energy with its liberation by oxidative 
phosphorylation. 

It has been generally observed that there is a 
spontaneous process of recovery after initial liver 
damage by carbon tetrachloride if the animals are 
given stock diet. More specifically, protection, as 
indicated by increased survival time, has been 
observed with methionine, choline, methyl purines, 
etc. (Hove, 1948), sulphur-containing amino acids, 
vitamin E (Hove, 1948; Hove & Hardin, 1952), 
vitamin B,, (Popper, Koch-Weser & Szento, 1949) 
and folic acid (Hove & Hardin, 1951). The funda- 
mental metabolic deviation causing fatty degenera- 
tion has, however, not been well understood. An 
attempt has been made here to show that a rapid 
rate of depletion of vitamin B,, and of soluble 
sulphydryl compounds are among the major 
derangements preceding liver injury by carbon 
tetrachloride. The possibility has been indicated 
that the protection afforded by vitamin B,, may be 
due to its influence on sulphydryl metabolism and 
on mitochondrial integrity. Observations on 
centrifugally separated cell fractions are included. 
A preliminary report on some of these observations 
has been published elsewhere (Kasbekar, Rege & 
Sreenivasan, 1956). 


EXPERIMENTAL 


Adult male albino rats (Wistar strain) weighing about 
150 g. were used throughout the experiments. These were 
reared on the laboratory stock diet made up of (percent- 
ages) wheat flour 75, casein 12, whole-milk powder 2, 
dried yeast 2, arachis oil 4, vitaminized sesame oil 1, sodium 
carbonate 2. When required, the 


chloride 2, calcium 


animals were injected intraperitoneally with 2 ml. of 
carbon tetrachloride/kg. body wt. The control animals were 
similarly given corresponding amounts of water. Where 
protection by vitamin B,, was studied, the vitamin was 
given intraperitoneally (10yg./animal) 3hr. before the 
injection of carbon tetrachloride, since maximal protection 
by the vitamin against fat accumulation was observed 
under these conditions (Rege, 1953). At intervals of 6 and 
48 hr. after administration of carbon tetrachloride, animals 
were killed by decapitation except when blood was required. 
Blood was withdrawn by venepuncture after ether 
anaesthesia, immediately citrated and a portion centri- 
fuged for plasma. Livers were excised quickly, chilled in 
0-25m-sucrose for 5 min., dried with filter paper, weighed 
accurately and homogenized in a previously chilled Potter- 
Elvehjem glass homogenizer to 10% suspensions in cold 
0-25M-sucrose containing 0-0018M-calcium chloride. Por- 


tions were used for fractionation according to the pro- | 


cedure of Schneider & Hogeboom (1950) as described by 


Kasbekar, Lavate, Rege & Sreenivasan (1959). | 


METHODS 


Vitamin B,,. This was determined in liver and blood 
samples after papain liberation. Assays were carried out 
with Lactobacillus leichmannii by a turbidimetric adapta- 


tion of the U.S. Pharmacopoeia method (Kasbekar, Lavate, 
) 


Rege & Sreenivasan 1959). 

Soluble sulphydryl compounds. These were estimated in 
cold 3% metaphosphoric acid extracts of liver and its | 
fractions by the nitroprusside method of Grunert & Phillips | 
(1951). 

Total lipids and phospholipids. These were determined by | 
the extraction procedure of Bloor (1943) as follows. 

Portions of homogenates or fractions were refluxed twice | 
with ethanol-ether mixture (3:1) for 30 min. The combined / 
extracts and washings were evaporated to a small volume 
and rectified for ethanol-dissolved non-lipid substances by 
re-extraction with light petroleum (b.p. 40-60°), which 
specifically dissolves the lipids. The concentrates were 
gently boiled for 30 sec. with this solvent, the procedure 
was repeated and the combined extracts were centrifuged, 
evaporated to dryness and weighed as total lipids. 

For phospholipid estimations, the weighed lipid residue } 
was redissolved in light petroleum (b.p. 40-60°) and the solu- 
tion was evaporated to a small volume. Measured portions 
were transferred to centrifuge cups, acetone was added to 
fill the tubes and this was followed by 4-5 drops of 4:5% 
magnesium chloride solution in ethanol. The precipitate 
was centrifuged, taken up in chloroform and a portion 
evaporated to dryness. The residue was digested by 2 ml. of 
30% sulphuric acid over a microburner to a clear solution. | 
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A drop of nitric acid was added to facilitate digestion. The 
solution was cooled, made up to a convenient volume and 
phosphorus was determined by the colorimetric method of 
Fiske & Subbarow (1925). Phospholipids were calculated 
by using 22-7 as conversion factor. 

Methionine. This was determined by the method of 
Horn, Jones & Blum (1946). The colour was read in a Klett— 
Summerson photoelectric colorimeter at 540 mp. Blanks 
were run and due allowances made. 

Glycogen. This was determined according to the method 
of Reinecke (1942) after ethanol precipitation and hydro- 
lysis with N-sulphuric acid (Walaas & Walaas, 1950). After 
oxidation with potassium ferricyanide, the ferrocyanide 
left over was read in a Klett-Summerson photoelectric 
colorimeter at 660 mp against a blank similarly treated. 

Nucleic acids. These were extracted with trichloroacetic 
acid essentially as recommended by Schneider (1946). 
Suitable portions were used for the determination of ribo- 
nucleic acid (RNA) and deoxyribonucleic acid (DNA). 

For RNA determinations, the method of Albaum & 
Umbreit (1947) was used with modifications, as adopted by 
Rege & Sreenivasan (1954). RNA (Nutritional Bio- 
chemicals Corp., Cleveland, Ohio, U.S.A.) was used as 
standard. The values were computed from a graph with 
standard material. 

The diphenylamine method of Dische (1930) was used for 
the estimation of DNA. To a suitable portion of the extract 
made to 2 ml. with water, 4 ml. of Dische reagent was 
added and the tubes, after mixing, were kept in vigorously 
boiling water for 5 min. The tubes were immediately cooled 
under the tap and allowed to stand at room temperature for 
exactly 1 hr., as the colour deepens on standing. The in- 
tensity of the colour was measured in a photoelectric 
colorimeter at 660 mu. DNA (Schwarz Laboratories Inc., 
N.Y., U.S.A.) was used as standard. 

Total protein. This was determined by the method of 
Osborn, Felts & Chaikoff (1953) after trichloroacetic acid 
precipitation. 

All results reported represent averages of at least four 
independent determinations. 


RESULTS 


Suitable dosage of carbon tetrachloride and the 
period of maximum damage were determined in 
With a single intra- 
peritoneal injection of 2ml. of carbon tetra- 
chloride/kg. body wt., maximum increase in total 
liver lipids was seen within 48 hr. (Table 1). The 
treatment was not fatal; the animals received a 
complete ration and the liver tended to return to 
normal after 48 hr. 
Changes in vitamin By. Within 6 hr. of admin- 
istration of carbon tetrachloride there 
marked fall in liver vitamin B,, levels (Table 2). 
This depletion was reflected in the lowering of the 


preliminary experiments. 


was a 


vitamin reserves in the particulate fractions of liver 
cells. No major change was observable in blood at 
6hr., although a further study of the distribution 
of vitamin B,, revealed that there was a consider- 
able increase in plasma vitamin levels with a con- 
comitant fall in the erythrocyte vitamin B,,. These 


oF 
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Table 1. 


and time of maximim liver damage 


Optimum dosage of carbon tetrachloride 


Rats on the laboratory stock diet (see text), averaging 
150 g. wt., were used. Carbon tetrachloride was admin- 


istered intraperitoneally. 


CCl, Liver wt. Lipids 
(ml./kg. Time (g./100 g. (mg./g. of 
body wt.) (hr.) body wt.) fresh liver) 
1-0 24 5-6 30-6 
48 6-0 41-3 
712 53 40-8 
1-5 24 5-3 37-5 
48 6-7 40-9 
72 6-7 40-1 
2-0 24 6-2 44-7 
48 8-0 48-9 
72 8-4 50-7 
Nil - 4-4 23-4 


observations suggest that the steatotic poison 
probably acts by provoking a temporary release of 
the vitamin from cellular particles to plasma. 

At 48 hr. after administration of the steatogen, 
a partial regeneration of vitamin B,, levels in liver 
was apparent though there was no improvement in 
the mitochondrial vitamin B,, content. The plasma 
vitamin B,, continued to be high but was slightly 
lower than that at 6 hr. A corresponding improved 
trend was noticed in erythrocyte vitamin B,,. 

In preliminary experiments it was observed that 
vitamin B,, could afford maximum protection, as 
judged from liver lipids, at a dosage of 10 yg./ 
animal only when administered 3 hr. before in- 
jection of carbon tetrachloride. In subsequent 
work on this protective effect these conditions were 
therefore used. 

In the animals protected with vitamin B,,, near- 
normal levels of the vitamin were found in liver 
particulate fractions 6 hr. after administration of 
the steatogen. The levels of plasma and the super- 
natant liver fraction showed a rise. At 48 hr., the 
cell fractions were replete with the vitamin and the 
plasma levels showed a tendency to return to 
normal (Table 2). The protection afforded by 
vitamin B,, against toxicity of carbon tetrachloride 
could therefore be related to this restoration of 
vitamin B,, levels. 

Sulphydryl compounds. The lowering of liver 
vitamin B,,. levels was closely followed by changes 
in the sulphydryl reserves of the livers in carbon 
tetrachloride injury (Table 3). The liver sulphydry| 
compounds reached minimum levels within 6 hr. of 
the administration of the steatogen (ef. Patwardhan, 
Ramalingaswami, Sriramachari & Patwardhan, 
1953). The nuclear glutathione remained steady, 
and the depletion was limited entirely to the 
soluble fraction; the mitochondrial fraction was 
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Table 2. Intracellular distribution of vitamin By, 
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Rats about 150 g. were reared on stock diet (see text). Carbon tetrachloride (0-3 ml.) was administered intraperitoneally. 
Vitamin B,, was also given intraperitoneally (10 ug./animal) 3 hr. before administration of carbon tetrachloride. Methods 
of fractionation and vitamin B,, assay are as described in the text. 


Time after administration of carbon 


tetrachloride (hr.) 


Liver 

Nuclei 
Mitochondria 
Supernatant 


Blood 

Plasma 
Erythrocytes 
(by difference 


For details of diet, grouping and methods see text and Table 


Untreated 
control 
(stock diet) 


105-0+8-5 
35-5 4-4-5 


19-1 + 2-9 
37:5 45-2 
1-60 +0-15 
0-85+0-10 
0-75 


) 


Table 3. 


Group 


Control 

6 hr. after CCl, 

6 hr. after CCl, ; 
vitamin B,,-protected 

48 hr. after CCl, 

48 hr. after CCl, ; 
vitamin B,,-protected 


C 


67-54 
20-04 
11:3 
32-5+ 


5: 
t3- 
4: 


perenne aes 


Without 
vitamin B,, 


10-0 
0 


wo 


0-20 


0-10 


6 


Vitamin B,,- 


Without 


48 


Vitamin B,,- 


protected vitamin B,, protected 
(umg./g. of fresh liver) 
122-0+-11-0 90-0 +. 7-0 120-0 +. 5-0 
37°5+2°5 36-0 + 6-6 48-0+2°-5 
16-64 4-0 12:0+3-4 18-5+ 2-6 
55-5+5-0 40:0+6-0 48:0+4-0 
(umg./ml.) 
1-8540-19 1-454.0-15 1-70 +.0-30 
1-25+0-15 1-00 +. 0-05 0-95 +0-26 
0-60 0:45 0-75 


Concentrations of liver sulphydryl compounds 


See Table 2 and text for details. 


Li 


141 
4] 
134 


12 
17: 


w 


ver 


+29 
+ 20 
23 


14 
10 


Nuclei 
(mg./100 g. of fresh liver) 
1842 
17+3 
1842 
1642 
19+3 


Supernatant 


113417 
23+14 
106+11 
100+ 16 
149+11 


Table 4. Incorporation of cysteine into liver sulphydryl compounds 


» 


Cysteine hydrochloride (30 mg. in 1 ml. of neutral 


solution/animal) was administered intraperitoneally to all groups and the animals were killed 3 hr. later. 


Time after carbon tetrachloride 


administratio 


Liver 
Nuclei 


Supernatant 


Table 5. 


Animals (150 g.) fed on stock diet were used. Vitamin B,, (10 ug.), where given, preceded administration of carbon tetra- 


n (hr.) 


Control 


251-1+21-0 
23-5 +3-6 
230-8 +17-4 


With 


vitamin B,. 


out 


46-7+12-3 
15°4+4-2-1 
28-1+9-8 


Vitamin B,»- 
protected 


Without 


vitamin By». 


48 


Vitamin B,. 
protected 


(mg./100 g. of fresh liver) 


186-5 + 26-2 258-7 
21-:144-0 24-5 
156-8 +-20-1 231-4 


24-1 248-9 418-8 
2-9 25-5 41-8 
21-4 219-6 414-3 


Alterations in certain liver constituents 6 and 48 hr. after injection with carbon tetrachloride 


chloride (0-3 ml.) by 3 hr. Animals were killed 6 or 48 hr. after the last injection. For methods see text. 


Lipids 
Phospholipids 
RNA 

DNA 

Protein 

Glye« wen 
Methionine 


Control 


23-60 +1-51 
15-14+.0-20 
10-64+0-61 
3-81+0-36 
196-54+ 10-71 
3°34+0-51 
5-01 +0-49 


Control 4 
vitamin B 





12 

22-78 +1-61 
15-32+0-11 
10-78 40-72 
3°76 +0-42 
197- 11°94 
3-52+0-41 
5- + 0-29 


CCl, treated 


6 hr. 48 hr. 
(mg./g. of fresh liver) 
29-144 1-24 48°79 +.2-51 
15-06 +.0-32 10-60 +. 0-16 

8-81 +0-64 6-91+0-91 
3°64 +0-30 3°65 +0-28 
181-27+ 8-41 164-66 + 9-62 
1-03 +0-22 0-71 +0-24 
4:90 +.0-53 4-91 +0°33 


CCl, treated + vitamin B,, 


-\ 


6 hr. 48 hr. 
28-22+1-09 34-91 +.1-52 
15-51 +0-23 14-64+0-2] 
9-44+.0-57 10-32 +0-33 
3°72 +0-34 3-61 +0-32 
197-94+13-60 190-18+ 12-16 
1-51 40-38 0-64 + 0-40 
5-09 +. 0-41 4-97 + 1-04 


' 
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Fractionwise distribution of liver constituents 6 and 48 hr. after injection with carbon tetrachloride 


For details and methods see Table 5 and text. N, Nuclei; M, mitochondria; §, supernatant. 


Liver 
Group fraction Lipids 
Control N 4-68 
M 6°15 
S 13-08 
Control + vitamin B,, N 4-56 
M 6-00 
8S 12-89 
6 hr. after CCl, N 4-91 
M 8-54 
8 15-85 
48 hr. after CCl, N 8-51 
M 9-97 
5S 29-89 
6 hr. after CCl, + vitamin B,, N 4-79 
) 8-19 
8 15-12 
48 hr. after CCl, + vitamin B,, N 5-23 
M 8-86 
S 20-74 


practically devoid of glutathione. Prior administra- 
tion of vitamin B,, afforded practically complete 
protection against this sulphydry] depletion. 

In the absence of protection by vitamin B,, the 
sulphydryl level was restored to within normal 
limits about 48hr. after carbon tetrachloride 
administration. There was also a marked regenera- 
tion of liver vitamin B,, levels during this period 
(Table 2). 

A similar trend was observed in the incorpora- 
tion of intraperitoneally administered cysteine into 
liver sulphydryl compounds of animals poisoned 
with carbon tetrachloride (Table 4). In 
experiments, a maximal increase in sulphydryl 


other 


compounds of liver in normal animals was observed 
3hr. after administration of 30mg. of cysteine 
(Kasbekar, Lavate, Rege & Sreenivasan, 1959). In 
the animals with steatosis, which were given similar 
doses of cysteine 3 hr. after carbon tetrachloride 
administration, no increase in liver sulphydryl com- 
pounds was noticed after a further 3hr. Prior 
administration of vitamin B,, had a considerable 
influence on this derangement. At 48 hr., however, 
there was nearly normal incorporation and vitamin 
B,. treatment had little stimulatory effect. While 
the major increase in the sulphydryl compounds 
the 


some 


was limited to the soluble fraction, nuclear 
sulphydryl compounds 
(Table 4). 

The depletion of liver vitamin B,, and impair- 
ment in sulphydryl 
precede the general derangement in liver functions, 


also showed rise 


metabolism considerably 
as is indicated by observations reported in Tables 5 
and 6. 

Total lipids. As a result of carbon tetrachloride 


Phospholipids RNA DNA Proteins 

(mg./g. of fresh liver) 

2-71 2-50 3°84 59-6 
52% 1-60 0 34-1 
7:39 6-71 0 101-8 
2-88 2-52 3-79 60-5 
5-30 1-64 0 33-9 
7-44 6-80 0 102-5 
2-64 2-41 3°51 57-5 
5-01 1-52 0 32°1 
7-13 4-97 0 92-1 
2-19 2-22 3°39 55-6 
4-4] 1-00 0 30-4 
3°94 3°75 0 77-8 
2-60 2-58 3°77 58-9 
5°24 1-62 0 32-9 
7-29 5-36 0 104-6 
2-41 2-46 3-54 57-6 
4-89 1-52 0 33-1 
7-32 6-57 0 98-2 


treatment, the total lipid content of the liver 
At 48 hr., there 
was a nearly twofold increase in the fat content of 
liver. The major portion of the lipids was in the 
supernatant. The lipid found in the supernatant 
fraction seems to be an artifact due to homogeniza- 


showed a slight increase at 6 hr. 


tion and centrifuging, and its exact location in the 
intracellular structures is not understood from the 
experiments described. A general rise was observ- 
able in the particulate fractions. 

Phospholipids. A slight decrease in liver phos- 
pholipids at 6 hr. was further magnified at 48 hr. 
Since a general morphological damage to the 
particulate fractions is 
(Dianzani, 1953; Dianzani & Bahr, 1954), a lower- 
ing of phospholipids in the fractions might be 
expected. As with neutral lipids, the decrease in 


observed in_ steatosis 


phospholipids observed was reflected most in the 
supernatant fraction. 

Nucleic acids. Whereas the DNA content of liver 
was unaltered in carbon tetrachloride poisoning, 
there was considerable depletion in RNA. During 
48 hr. of injury the RNA in the supernatant was 
reduced by nearly half. 

Proteins. A slight but significant decrease in 
total proteins was evident both at 6 and 48 hr. 
after injury. 

Methionine. Methionine content of the liver was 
unaffected throughout. 

Glycogen. A marked drop in liver glycogen im- 
mediately after 
persisted even beyond 48 hr. 

Activities of liver choline oxidase, D-amino acid 


carbon tetrachloride poisoning 


oxidase and xanthine dehydrogenase were studied 
at 48 hr. after administration of the steatogen. No 


25-2 
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appreciable change was, however, noticeable when 
results were expressed per unit of dry liver. 

The protective action of vitamin B,, against 
carbon tetrachloride injury is evident from the 
data in Tables 5 and 6. Prior treatment with the 
vitamin (10 pg./animal) afforded protection as seen 
from all the constituents 
studied. There was, however, no effect on glycogen 
depletion within the 48 hr. period of study. 


restoration of almost 


DISCUSSION 
Treatment with carbon tetrachloride results in a 
depletion of liver vitamin B,,. The simultaneous 
increase in vitamin 
possibility that the steatogen 
cellular vitamin B,. to the soluble fractions and 


plasma level suggests the 


plasma. The possibility exists that a part at least 
of this increase in plasma vitamin B,,. might arise 
from damage to erythrocytes. The observations of 
Yamamoto, Okuda & Chow (1957), that an in- 
creased urinary excretion of vitamin B,, accom- 
panies the increase in plasma B,, levels after carbon 
tetrachloride administration, supports this view. 
This temporary depletion of the vitamin is mani- 
fested early and hence probably initiates a series of 
degenerative processes in the liver and its cell 
fractions, particularly the mitochondria. 

A major change that accompanies the lowering of 
liver vitamin B,, is the remarkable depletion of liver 
reserves of sulphydryl compounds. The lowering of 
glutathione in and liver in vitamin By, 
deficiency has also been observed by others (Ling & 
Chow, 1954; Register, 1954). Possibly, this deple- 


blood 


tion of sulphydryl compounds which accompanies - 


the lowering of liver vitamin B,. precedes other 
changes observed in carbon tetrachloride injury, 
since prior administration of vitamin B,, counter- 
acts appreciably the disappearance of stores of 
soluble sulphydryl compounds in liver and affords 
protection against subsequent damage. 
Impairment of mitochondrial integrity could 
either arise from or be the cause of depletion in liver 
vitamin B,, and glutathione. A role for the sulp- 
hydryl group and glutathione in the protection of 
cellular morphology has been postulated by other 
workers (Labarre, 1945; Tapley & Cooper, 1956). 
The intense fatty degeneration of liver and its 
depletion of pyridine nucleotides has been sug- 
gested to result from a lowered concentration of 
adenosine triphosphate as a result of impaired 
mitochondrial integrity (Dianzani, 1955). The 
depletion of RNA, phospholipids, proteins, etc. 
appears to reflect in a general manner the impaired 
production ‘of energy-rich phosphate esters in 
It has been observed that 


damaged mitochondria. 
in mitochondria from steatotic livers there is a 
decreased ability to retain nucleotides and other 
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provokes a loss of 


1959 


cofactors of oxidative phosphorylation (Kasbekar 
& Sreenivasan, 1956). A similar behaviour is seen 
with mitochondria from livers of rats rendered 
thyrotoxic (Kasbekar, Rege & Sreenivasan, 1959). 
There is a striking similarity in the mechanism 
of protection by vitamin B,, against apparently 
unrelated metabolic stress conditions caused by 
experimental thyrotoxicosis (Kasbekar, Lavate, 
Rege & Sreenivasan, 1959) or poisoning with carbon 
tetrachloride. 

The severe depletion of glycogen reserves in the 
initial stage of liver injury may be caused by the 
necessity to compensate for the loss of synthesis of 
adenosine triphosphate and also to help counteract 
the effects of the steatogen. Increased glycolytic 
activity is also observable in tumour tissues in 
which impairment to mitochondrial structure 
occurs (Potter & Siekevitz, 1952). 

In other work from this laboratory (Nadkarni, 
Wagle & Sreenivasan, 1957) it has been observed 
that vitamin B,, affords protection against de- 
pletion of liver pyridine nucleotides and the con- 
sequent reduction in the ratio of oxidized to reduced 
pyridine nucleotides in carbon tetrachloride injury. 
Since the synthesis of adenosine triphosphate is 
impaired as a result of structural damage to mito- 
chondria (Kielley & Kielley, 1951), the observa- 
tions are explicable on the basis that vitamin B,, 
may aid in the maintenance of mitochondrial 
integrity and hence of pyridine nucleotide levels. 

The protection by vitamin B,, when administered 
before carbon tetrachloride injury is in sharp 
contrast with the meagre effect observed when the 
vitamin is administered after carbon tetrachloride 
poisoning (Rege, 1953). The capacity of the liver to 
store the vitamin may thus be diminished im- 
mediately after administration of the steatogen. 
The phenomenon of vitamin B,, protection in 
carbon tetrachloride injury therefore appears to be 
a general one arising from its effect on mito- 
chondrial integrity rather than particular con- 


stituent in liver. Protection by vitamin E in 
dietary necrotic liver degeneration has _ been 
similarly correlated to mitochondrial function 


(Chernick, Moe, Rodnan & Schwarz, 1955; Rod- 
nan, Chernick & Schwarz, 1956). 


SUMMARY 


1. The effects of carbon tetrachloride poisoning 
and of the protection afforded by vitamin B,, were 
studied. The steatogen appears to act by provoking 
a loss of vitamin B,, from liver and its particulate 
fractions. 

2. Asimultaneous impairment in the metabolism 
of sulphydryl compounds in liver is observed. 

3. These changes are followed by a depletion of 
liver ribonucleic acid, phospholipids and proteins 
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and an accumulation of fat. Methionine levels are 
unaffected. 
nounced and lasting and vitamin B,, apparently 


does not protect against this metabolic disturbance. 


Depletion of liver glycogen is pro- 


4. Protection by vitamin B,, is non-specific and 


may be due to an effect on the maintenance of 


mitochondrial integrity. 
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Biosynthesis of Glutathione by Rat Erythrocytes 
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Studies on the turnover of reduced glutathione in 
the blood of several species in vivo have indicated 
that this tripeptide is in a dynamic state (Burwell, 
Brickley & Finch, 1953; Dimant, Landsberg & 
London, 1955; Grinstein, Kamen & Moore, 1949; 
Jope, 1946; London, Shemin, West & Rittenberg, 
1949; Mortensen, Haley & Elder, 1956; Shemin & 
Rittenberg, 1946). The half-life of glutathione, as 
determined from a disappearance of the label in 





glutathione after a single injection of [!°N]glycine, 
has been shown to be much shorter in comparison 
with the time for 50 % survival of the erythrocytes, 
as evaluated from the ™N concentration in haemin 
(Dimant et al. 1955). These observations raised 
speculation about the origin of glutathione in 
mammalian erythrocytes. 

Anderson & Mosher (1951) detected 
erythrocyte glutathione after administration of 


5S in 
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labelled cystine to rats by stomach intubation and 
suggested that glutathione is synthesized in the 
liver and subsequently incorporated into erythro- 
cytes during the circulation of blood through the 
liver. Glutathione in mammalian blood, however, 
is known to be exclusively in the erythrocytes 
(Ling & Chow, 1953; Woodward & Fry, 1932) and 
leucocytes (McKinney, 1953); there is no measur- 
able amount of glutathione present in plasma, nor 
is there any evidence for the permeability of the 
erythrocyte membrane to glutathione of the sur- 
rounding medium. The suggested hepatic origin for 
erythrocyte glutathione is therefore unlikely. Other 
workers have suggested that glutathione may be 
formed in the immature cells, and that it may 
subsequently undergo turnover in the circulating 
erythrocytes as a result of exchange of one or 
more of the constituents of glutathione (Lemberg & 
Legge, 1949). However, the variation in gluta- 
thione levels of erythrocytes after supplementation 
or withdrawal of dietary methionine (Mortensen, 
1953) strongly suggested the possibility of synthesis 
of glutathione afresh in erythrocytes. 

Incorporation of labelled glycine into human and 
duck erythrocytes has been demonstrated in vitro 
by Dimant et al. (1955). Elder & Mortensen (1956) 
made similar observations with rat erythrocytes. 
However, mere incorporation of the label into 
glutathione is no direct evidence for synthesis of 
this metabolite afresh, as has already been sug- 
gested by these workers; the label in glutathione 
could arise entirely by an exchange of the com- 
ponent amino acids with preformed glutathione. 
This paper includes more direct evidence for the 
presence in rat erythrocytes of an enzyme system 
which catalyses the synthesis of glutathione from 
its constituent amino acids. An attempt has been 
made to determine the conditions required for 
maximal activity of the enzyme(s). Finally, the 
effect of folic acid and vitamin B,, deficiency on 
synthesis of glutathione in vitro has been investi- 
gated. 

EXPERIMENTAL 

Albino rats (Wistar strain) weighing 200-250 g. and fed 
on a laboratory stock diet (Kasbekar, Lavate, Rege & 
Sreenivasan, 1959) were used for the studies on glutathione 
synthesis. 
" Folic acid-deficient animals were obtained as follows 
(Fatterpaker, Marfatia & Sreenivasan, 1955): young 
growing rats, 80-100 g., were fed on the following synthetic 
diet (in percentages): ethanol-extracted casein 15, sesame 
oil 6, vitamin A preparation 1-6 (5000 i.u.), salt mixture 
(U.S. Pharmacopoeia IV) 4-0, sucrose 9-0, vitamin mixture 
1-0 and starch to 100. The diet contained (mg./kg.) the 
following vitamins: thiamine hydrochloride 6, riboflavin 10, 
nicotinic acid 30, pyridoxine hydrochloride 6, calcium 


pantothenate 20, biotin 1, p-aminobenzoic acid” 100, 


inositol 500, choline chloride 500, vitamin K 10, vitamin 
E 50 and vitamin B,, 0-150. [odinated casein (0-15 %) was 
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incorporated into the diet during the first 10 days to deplete 
the animals of their folic acid reserves. After this period, 
succinyl sulphathiazole (1-59%) was substituted for iodi- 
nated casein for about 5 weeks until the animals showed 
signs of folic acid deficiency, including reduced blood-cell 
counts. The folic acid-supplemented group was fed on an 
identical diet supplemented with 20 mg. of folic acid/kg. of 
diet. 

Vitamin B,, deficiency was produced similarly by 
omission of the vitamin in the basal diet and substitution 
of folic acid (5 mg./kg.). Vitamin B,,-protected animals 
received intraperitoneally 10yug. of the vitamin/animal 
every alternate day. 

Blood was obtained from the animals by venepuncture 
under ether anaesthesia. It was immediately heparinized to 
prevent clotting. Incubation was carried out either with 
whole blood or with separated erythrocytes; for the latter, 
the blood was immediately centrifuged at 8500g for 
15 min. in an International refrigerated centrifuge, and the 
plasma and whitish buffy coat covering the erythrocyte 
sediment were discarded. The cells were finally washed and 
dispersed in the same suspension media as were used for 
incubation. 

Assay of glutathione. All incubations were carried out in 
Warburg vessels at 37° in a final volume of 4 ml. of isotonic 
media (composition described in Results). At the beginning 
as well as at the end of incubation for 3 hr., unless other- 
wise stated, portions (1 ml.) were withdrawn, the cells were 
centrifuged at 8500 g and washed with suspension medium 
until the washings were free of cysteine, as determined by 
the nitroprusside colour reaction. This was essential to 
eliminate the small interference by cysteine. To the cell 
sediment was then added 4 ml. of water, and haemolysis 
was allowed to proceed to completion at 0°. The haemo- 
lysate was deproteinized with 1 ml. of 25% metaphosphoric 
acid. Sufficient sodium chloride (B.P. quality) was added 
to saturate the solution. The resulting protein precipitate 
was centrifuged and portions (1 ml.) of the clear supernatant 
were used for determinations of glutathione by the alloxan 
‘305’ method (Kasbekar ef al. 1959). The difference between 
the initial and final values was taken as a measure of net 
synthesis of glutathione by the cells. 

In each case, the cell count of the incubation mixture was 
determined on a haemocytometer after the usual dilutions 
with Hayem’s solution. Since the glutathione in blood is 
entirely in the cells, the values are expressed as pg. of 
glutathione synthesized in 3 hr./flask and calculated to 
10° cells/mm.* of medium. 


RESULTS 


In preliminary experiments, whole blood (0-5 ml.) 
or erythrocytes (equivalent volume) separated by 
centrifuging incubated in saline 
(0:154m) containing 100mg. of glucose/100 ml., 
both aerobically (air as the gas phase) and anaero- 
bically (nitrogen as the gas phase) for 3 hr. at 37° 
in a Warburg assembly. The system consisted of 
0:025M-glycine, 0-01mM-glutamate and 0-01M-cys- 
teine hydrochloride, dissolved in sodium chloride 
solution and adjusted to pH 7-4, which was also the 
pH of the incubation mixture. Total volume was 
4 ml. The results are given in Table 1. 


were isotonic 
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No synthesis of glutathione was observed with 
whole blood under aerobic conditions, and with 
erythrocytes the synthesis was small. It is possible 
that the synthesis is masked by destruction of 
reduced glutathione in the presence of air (Lyman 
& Barron, 1937). 
definite though small synthesis was evident. There 
was a slight inhibition of synthesis with whole 


Under anaerobic conditions a 


blood; similar inhibition in the incorporation of 
labelled glycine into erythrocyte glutathione in the 
presence of plasma has been reported by Elder & 
Mortensen (1956). These observations are, however, 
in contrast with the accelerating effect of plasma 
on incorporation of amino acid into reticulocyte 
proteins (Borsook, Deasy, Haagen-Smit, Keighley 
& Lowy, 1952). 

Effect of potassium 
formation of glutathione. 


and 
A distinct stimulation of 


magnesium tons on 


Table 1. Glutathione synthesis by erythrocytes 
incubated in sodium chloride solution 


Whole blood (0-5 ml.) or equivalent of erythrocytes was 
incubated for 3 hr. in isotonic (0-154m) NaCl soln. con- 
taining 0-025mM-glycine, 0-Olm-glutamate and 0-01m- 
cysteine hydrochloride. Total volume was 4 ml. and the 
pH was adjusted to 7-4. Glutathione values (ranges in 
four experiments) are per flask, calculated to 10° cells/mm.* 


Glutathione synthesized (yg.) 
Se mer erence =a 

Aerobic Anaerobic 
12-5-16-5 
16-0-21-5 


Whole blood 
Erythrocytes 


Negligible 


<7 


Table 2. Effect of potassium and magnesium ions 
on glutathione synthesis by rat erythrocytes 
For details, see Table 1 and text. Krebs-Ringer solution 


was used instead of isotonic (0-154m) NaCl soln. and incu- 
bation was under anaerobic conditions. 


Glutathione 
synthesized (yg.) 


Composition of 
suspension medium 


Krebs-Ringer solution 29-0-34-0 
NaCl omitted 32-5-37-5 
CaCl, omitted 29-5-35-0 
KCl and KH,PO, omitted 21-0-24-5 
MgSO, omitted 17-5-22-0 


Table 3. Effect of modified Krebs—Ringer solution 


on glutathione synthesis 


For details see Table 2 and text. The modified Krebs 
Ringer phosphate soln. contained only KCl, KH,PO, and 
MgSO, together with phosphate buffer, pH 7-4. 


Glutathione 
synthesized (yg.) 
29-5-33°5 


39-0-42°5 


Original Krebs—Ringer soln. 
Modified Krebs-Ringer phosphate soln. 
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the conjugating ability was observed with Krebs— 
Ringer solution (Umbreit, Burris & Stauffer, 1949) 
as the incubation medium (‘Table 2). Omitting either 
sodium chloride or calcium chloride had no effect on 
glutathione formation, but there was a sharp 
decline in the synthetic activity when either 
potassium chloride or magnesium sulphate was 
omitted. 

The composition of Krebs—Ringer solution was 
therefore modified so as to contain 100 parts of 
KCl (0-154), 7 parts of MgSO,,7H,O (0-154m) and 
1 part of KH,PO, (0-:154m). A fivefold concen- 
trated stock solution was prepared; 20 ml. of this 
was diluted to 100ml. together with 10 ml. of 
0-1m-phosphate buffer, pH 7-4, and used in sub- 
sequent experiments. Comparative data obtained 
with the original and modified Krebs—Ringer 
solutions on the synthesis of glutathione are given 
in Table 3. 

Effect of pH. The effect of pH on glutathione 
synthesis by erythrocytes was studied by incubat- 
ing the cells in the modified Krebs—Ringer solution 
containing 0-1mM-phosphate buffers from pH 5-8 to 
7:8. The cells were isolated and washed with the 
respective suspension medium. The amino acids 
were dissolved in the Krebs-Ringer solution and 
their final H* ion concentrations adjusted to those 
of incubation mixtures. A fairly sharp pH maxi- 
mum is observed at pH 6-8 (Fig. 1). 


50 


Y w no 
o oO o 


Glutathione sythesized/flask (g.) 


= 
Oo 


0 L | L 
50 6:0 7:0 8-0 
pH 


Fig. 1. Effect of pH on synthesis of glutathione. Incuba- 
tion conditions were as described in Table 3 with modified 
Krebs-Ringer phosphate solution with 0-1 M-phosphate 
buffers of appropriate pH. 
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Fig. 2 
shows the effect of amino acid concentrations on 
The experiments 
planned by varying the concentration of one amino 
acid while those of the other two were kept con- 
stant. Thus while the influence of cysteine concen- 
tration was ascertained the concentrations of 
glutamate and glycine were maintained at 0-01 and 


Effect of concentration of amino acids. 


glutathione synthesis. were 


0-025 respectively. No glutathione appeared in 
the incubation mixture in the absence of cysteine. 
Maximal synthesis of glutathione was found to 
occur with 0-03M-cysteine; this concentration was 
maintained in subsequent studies. 


80 F- 







60 


— 





Glutathione synthesized/flask (ug.) 


= 1 

0-01 0-02 0-03 0-04 
Concn. of amino acid (M) 

Fig. 2. Effect of amino acid concentration on synthesis of 
glutathione. For conditions of incubation see Table 3 
and text. The concentrations of glutamate and glycine 
were 0-01 and 0-025 respectively when cysteine concen- 
tration was varied (QO). The concentrations of cysteine 
and glycine were 0-03 and 0-025m respectively when 
glutamate concentration was varied (@). The concen- 
trations of cysteine and glutamate were 0-03 m each when 
glycine concentration was varied (A). 
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About 30% of the glutathione that could be 
synthesized was formed in the absence of glut- 
amate, suggesting either the presence of endogenous 
glutamate in the erythrocytes or its formation 
during incubation. In general, glutamate concen- 
trations did not appear to influence the synthesis as 
much as did cysteine. Maximal synthesis occurred 
with 0-03 m-glutamate. 

With 0-03Mm-concentrations each of glutamate 
and cysteine, the rate of glutathione synthesis was 


120 


100 


80 


60 


Glutathione synthesized/flask (g.) 


20 








Time (hr.) 


Fig. 3. Rate of glutathione synthesis. The system con- 
tained (each 0-03) cysteine, glutamic acid and glycine, 
8 moles of adenosine monophosphate and erythrocytes 
equivalent to 0-5 ml. of blood in the modified Krebs- 
Ringer phosphate solution (see Table 3 and text), pH 6:8. 
Final volume: 4 ml. Incubations were at 37°, anaerobic- 
ally. The pre-incubation with glutamic acid and cysteine 
was for lhr. A, With free amino acids; O, pre-incu- 
bated with glutamic acid and cysteine. 


Table 4. Effect of adenosine and adenine nucleotides on glutathione synthesis by erythrocytes 


Incubations were for 3 hr. in modified Krebs—Ringer phosphate medium (see Table 3 and text), pH 6-8. Concentrations 
of cysteine, glutamic acid and glycine were 0-03m each. With no additions to the system 89-5 yg. of glutathione was 


synthesized. 


Additions 
Amount added/flask (umoles) ... 2 
Adenosine 94 
Adenosine monophosphate 99 
Adenosine diphosphate 91 
* 


Adenosine triphosphate 


Glutathione synthesized (yg.) 


ee. he ee 
4 6 8 10 70 
99 107 lll 114 115 
110 116 120 ” * 
92 * * * * 
cd * a» a a 


* Values were not determined owing to haemolysis of cells. 
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linear with respect to glycine up to 0-02M. Very 
little glutathione was formed in the absence of 
glycine. With 0-03 m-glycine maximum synthesis of 
Since the 
enzyme(s) in the incubation mixture was main- 


glutathione was observed. level of 
tained fairly constant by limiting the number of 
cells/mm.’ to between 1 and 2 x 10°, the saturation 
of the enzyme by one or more amino acids at 
0:03M-concentration appears to limit further 
synthesis of glutathione. 

Effect of adenine nucleotides. Since the formation 
of peptidic bonds requires energy (Cohen & 
McGilvery, 1946; Elliott, 1948; Lipman, 1945; 
McGilvery & Cohen, 1950; 1947) 
involves participation of adenylic system, it was of 
interest to study their effect on glutathione 
synthesis. The results given in Table 4 indicate that 
both adenosine and adenosine 5’-monophosphate 
enhanced glutathione synthesis considerably. 
Whereas large quantities of adenosine had little 
effect on the synthesis, adenosine 5’-monophos- 


Speck, and 


phate in concentration higher than 8—10 »moles/ 
flask caused haemolysis of the erythrocytes. 
Adenosine diphosphate and adenosine triphosphate 
caused irregular haemolysis even at low concen- 
trations. 

Rate of glutathione synthesis. Fig. 3 shows a 
typical progress curve of the reaction. The system 
contained (each 0-03M) glycine, cysteine and 


240 
200 
160 9 
120 


80 


Glutathione synthesized/flask (g.) 


40 


0 a Beeman 1 I 
0:5 1:0 15 2:0 
No. of cells (10°/mm.*) 
Fig. 4. Effect of enzyme concentration. For conditions of 
incubation and details, see Fig. 3 and text. Incubations 
were for 3 hr. 
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glutamate, and 8ymoles of adenosine 5’-mono- 
phosphate in modified Krebs-Ringer phosphate 
solution, pH 6-8. The erythrocytes were incubated 
anaerobically at 37°. An initial induction period 
similar to that reported by Snoke, Yanari & Bloch 
(1953) in the soluble extracts of acetone prepara- 
when the 
synthesis was studied with free amino acids. A lag 


tions of pigeon livers was observed 


phase in the incorporation of labelled glycine into 
erythrocyte glutathione has also been reported by 
Elder & Mortensen (1956). Glutathione appears to 
be formed considerably faster from glutamyl- 
cysteine and glycine than from, the free amino 
acids, with acetone preparations of livers. These 
findings indicate a direct utilization of glutamy]- 
cysteine and suggest that the induction period in 
glutathione synthesis from the free amino acids 
reflects consecutive reactions of which glutamy]- 
cysteine formation is the first. This interpretation is 
supported by the fact that if the addition of glycine 
is delayed until glutamic acid and cysteine have 
been allowed to react by pre-incubation for 1 hr., 
the induction period disappears and the rate curve 
becomes linear. In either case, the rate of synthesis 
declines after 3 hr. and may be due to a change of 
pH, lack of high-energy phosphate generation, a 
gradual inactivation of the enzyme or a combina- 
tion of all these factors. 

Fig. 4 shows that the amount of glutathione 
formed is proportional, within experimental error, 
to the number of cells present. 

Inhibition of synthesis by fluoride. Fluoride in a 
final concentration of 0-015m or more completely 
inhibits glutathione synthesis (Fig. 5), a result 
which would be obtained if peptide-bond formation 
was dependent on the energy derived from gly- 
colytic reactions. 

The inhibition of glutathione biosynthesis by 
plasma was confirmed under conditions which have 
yielded maximal glutathione. Thus the amount of 
glutathione synthesized in 3 hr. under nitrogen in 
the Krebs—Ringer phosphate medium was lowered, 
on addition of plasma, from the normal range of 
119-130 to 95-101 yg./flask. The corresponding 
values under aerobic conditions were 56-68 and 
51-59 yg./flask respectively. 

Effects of folic acid and vitamin By, deficiencies. 
Erythrocytes isolated from the deficient and pro- 
tected animals incubated with 
Krebs—Ringer solution containing each of the con- 
stituent amino acid. (each 0-03M) and 8 wmoles of 
adenosine 


were modified 


5’-monophosphate anaerobically for 
3hr. Preliminary observations indicate that folic 
acid deficiency apparently did not influence gluta- 
thione formation in vitro (Table 5). Even though 
there was a small but significant lowering of gluta- 
thione synthesis by 


thyroid animals not 


erythrocytes from hyper- 


receiving vitamin B,,, no 
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definite effect of this vitamin in the system could 
be recorded because of an observed slight haemo- 
lysis. 

DISCUSSION 


The work of Johnston & Bloch (1951) on gluta- 
thione synthesis by fresh-liver homogenates and 
soluble fractions of acetone-dried pigeon-liver 
powders has shown a stimulation of synthesis in 
the presence of K* and Mg?+ ions. Since Krebs- 
Ringer solution is so constituted as to closely 
approximate the ionic composition of mammalian 
serum, thus providing a near-physiological extra- 
cellular environment, and since it also contains K* 
and Mg?+ ions, it was of interest to find out its 
effect on glutathione synthesis by erythrocytes. 


100 


80 


60 


40 


Inhibition of synthesis of glutathione (%) 





0 walle 1 1 
0-5 1-0 5 2:0 
Concn. of sodium fluoride (mM) 


Effect of fluoride. Incubations were for 3 hr. under 


Fig. 5. 


the conditions described in Fig. 3 with additions of 


sodium fluoride in final concentrations as shown. 


Table 5. Effect of folic acid and vitamin B,, 
deficiencies on glutathione synthesis 
Incubations were for 3 hr. anaerobically under condi- 
tions described for Fig. 3 with free amino acids. Eryth- 
rocytes were from folic acid- or vitamin B,,-deficient 


animals and corresponding controls. For methods of 
induction of deficiencies, see text. 
Glutathione 
Group synthesized (yg.) 
Fed with stock diet 119+7 
Folic acid-deficient 115+3 
Folic acid-fed 110+6 


Vitamin B,,-deficient 87 +10 
Vitamin B,,-fed 11444 
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The enhanced synthesis of glutathione in the 
presence of K* and Mg*+ ions appears to be a 
combined effect of these ions on glycolysis and 
peptide-bond synthesis. The effect of K* ion is of 
particular interest since decrease in blood gluta- 
thione has been reported in potassium deficiency by 
Grunert & Phillips (1951). Johnston & Bloch 
(1951) have demonstrated that K* ions specifically 
activate glutathione formation with purified liver- 
enzyme preparations when adenosine triphosphate 
is used as a source of energy for peptide-bond 
synthesis. Steward & Preston (1941) also reported 
that added K* ions increase the rate of protein 
synthesis in plant tissues and suggested a direct 
effect of these ions on the formation of peptide 
bonds. The synthesis of the peptide bond in panto- 
thenic acid in bacteria has also been shown to be 
enhanced by K”* ions (Mass, 1952). 

The demonstration of the protective effects of 
adenosine and adenylic acid (muscle) (Gabrio, 
Donohue & Finch, 1955; Gabrio, Hennessey, 
Thomasson & Finch, 1955; Harris & Prankerd, 
1955; Klebanoff, 1957; Overgaard-Hansen, Jorgen- 
son & Praetbrius, 1957; Prankerd, 1956; Prankerd 
& Altman, 1954) against changes occurring in vitro 
during the storage of blood or ageing of erythrocytes 
at 37° for short periods of time, e.g. decreased 
utilization of glucose, loss of organic phosphates 
and a rapid breakdown of intracellular adenosine 
triphosphate to adenosine diphosphate, adenosine 
5’-monophosphate and hypoxanthine, afforded 
additional reason for a study of the effect of these 
factors. The presence of adenosine has been demon- 
strated to lead to the expulsion by erythrocytes of 
sodium and to the maintenance of intracellular 
potassium levels (Gabrio, Donohue & Finch, 1955; 
Harris & Prankerd, 1955). The results given in 
Table 4 indicate that both adenosine and adenosine 
5’-monophosphate enhanced glutathione synthesis 
considerably. 

The observed stimulation of glutathione syn- 
thesis in the presence of adenosine or adenosine 
5’-monophosphate may be due to the maintenance 
of organic phosphate levels of erythrocytes, in- 


creased consumption of glucose and therefore of 


increased regeneration of adenosine triphosphate 
for peptide-bond synthesis. 

Fig. 5 indicates the inhibitory effect of fluoride 
on the synthesis of glutathione by erythrocytes. 
A similar inhibition of glutathione formation by 
soluble extracts of acetone preparations from pigeon 
liver by fluoride has been reported by Johnston & 
Bloch (1951); the inhibition was observed only 
when glycolytic intermediates other than phos- 
phopyruvie acid served as energy source (Snoke 


et al. 1953), indicating a specific inhibitory effect of 


fluoride on glycolysis. The formation of glutamine 
from glutamate and ammonia is also inhibited by 
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fluoride when a glycolytic intermediate is used as a 
sparking system (Speck, 1949). 

Since erythrocyte glutathione is low in thyro- 
toxic rat blood (Kasbekar et al. 1959) the observed 
haemolysis of erythrocytes from hyperthyroid 
animals after incubation is of particular interest in 
considering the possible role of glutathione in 
maintaining the structural integrity of erythro- 
cytes. Similar observations which tend to relate 
glutathione and sulphydryl groups to haemolysis 
have been reported in studies with horse erythro- 


cytes by Fegler (1952), who found that exposure of 


the cells to oxygen or iodine resulted in an increased 
rate of haemolysis, and that the rate of haemolysis 


increased rapidly after the glutathione content of 


the cells fell below 40% of the initial value. 
Benesch & Benesch (1954) that the 
haemolytic effect of organic mercurials was 
abolished by prior addition of an equivalent amount 
of glutathione. Labarre (1945) has reported that 
the haemolytic effect of cobra venom injected into 
rabbits can be abolished by the simultaneous or 
injection of glutathione. The dynamic 
character of mammalian-erythrocyte glutathione 


observed 


prior 


may be of some consequence in the maintenance of 
the structural integrity of erythrocytes; the 
viability of the cell will depend, at least in part, on 
a continued capacity of the cell to replace gluta- 
thione and to maintain it in a reduced state. 
Lowering in glutathione synthesis in vitro by 
erythrocytes from vitamin B,,-deficient animals 
has to be evaluated in terms of the extent to which 
this is attributable to haemolysis during incubation. 
It is significant in this connexion that in the 
vitamin B,,-protevted rats fed with iodinated- 
protein there is a near-normal maintenance of 
blood-glutathione level (Kasbekar et al. 1959). 


SUMMARY 
1. The 


enzyme system capable of conjugating the con- 
stituent amino acids to form glutathione has been 


existence in rat erythrocytes of an 


shown. 

2. An absolute requirement for magnesium and 
potassium ions for glutathione formation is indi- 
cated. 
monophosphate has a favourable effect on the 
synthesis. 


Addition of adenosine or of adenosine 5’- 


3. The effects of dietary folic acid and vitamin 
B,, deficiencies on synthesis of glutathione in vitro 
have been studied. Folic acid has little effect 
whereas vitamin B,, deficiency causes a decrease in 
glutathione synthesis by erythrocytes although 
there is interference due to haemolysis under this 
condition. 
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Biosynthesis of Diaminopimelic Acid and Lysine in Escherichia coli 
1. THE INCORPORATION OF “C FROM VARIOUS ORGANIC PRECURSORS 


INTO THE DIAMINOPIMELIC ACID OF A LYSINE-REQUIRING 


MUTANT 


By PAULINE MEADOW* ann ELIZABETH WORK?+ 
Department of Biochemistry, University College London and Department of Chemical Pathology, 
University College Hospital Medical School, London 


(Received 6 January 1959) 


Diaminopimelic acid, which is widely distributed 
in bacteria, is converted into lysine by a specific 
decarboxylase (Work & Dewey, 1953; Dewey, 
Hoare & Work, 1954; Antia, Hoare & Work, 1957), 
and it has been suggested as an immediate pre- 
cursor of lysine in some bacteria. A mutant of 
Escherichia deficient in the decarboxylase 
requires lysine for growth and accumulates di- 


coli 


aminopimelic acid in the growth medium when 
lysine is restricted (Dewey & Work, 1952; Davis, 
1952). As little is known of the biosynthesis of 
diaminopimelic acid, the incorporation of various 
precursors into this extracellular diaminopimelic 
acid is of interest. 

Abelson and his colleagues, using the isotopic- 
dilution technique with EH. coli B, suggested that 
some of the carbon atoms of intraceilular diamino- 
pimelic acid and lysine may be derived from as- 
partic acid (Abelson, 1954; Abelson, Bolton, 
Britten, Cowie & Roberts, 1953). Direct proof of 
the incorporation of aspartic acid into diamino- 
pimelic acid was obtained by Gilvarg (1958) with 
cell-free extracts of EH. coli mutant 26-26, which 
synthesized diaminopimelic acid from aspartic acid 
and pyruvate or glutamate in the presence of 
magnesium, adenosine triphosphate, diphospho- 
pyridine nucleotide and triphosphopyridine nucleo- 
tide. N-Succinyl-L-diaminopimelic acid was identi- 
fied as a precursor of diaminopimelic acid in 
another mutant, and the portion of the diamino- 
pimelic acid molecule derived from aspartate was 
located (Gilvarg, 1957; Gilvarg, Edelman & Kindler, 
1958). 

We have now obtained evidence that most, but 
not all, of the cellular lysine of EH. coli 9637 is 
derived directly from diaminopimelic acid. This 
evidence was obtained by the study, described in 
the next paper (Meadow & Work, 1959), of the 
incorporation of ([!4C]diaminopimelic acid or 
[#4C]lysine into mutants of EL. coli which required 
either or both of these amino acids for growth. The 
labelled diaminopimelic acid was extracted as 
described in this paper from the culture filtrate of a 

* Beit Memorial Fellow. 
+ Present address: Institut Pasteur, Paris. 


lysine-requiring mutant of EH. coli grown with 
suboptimum amounts of lysine. This method, 
which is that normally used for the production of 
diaminopimelic acid both in the laboratory (Work 


& Denman, 1953; Wright & Cresson, 1953) and on 


an industrial scale (Casida, 1956), gives a mixture of ° 


the meso- and Lu-isomers (Hoare & Work, 1955). 
Perry & Foster (1955) used this method to prepare 
[4C]diaminopimelic acid with a hydrolysate of a 
radioactive alga, Scenedesmus obliques, as source of 
radioactivity. In our experiments the labelling was 
provided by [*4C]glucose. The incorporation of 
radioactivity both into this extracellular diamin»- 
pimelic acid and into that of the cells was compared 
when the mutant was also grown with trace 
amounts of other !4C-labelled metabolites to deter- 
mine whether the diaminopimelic acid accumulat- 
ing in the growth medium under conditions of 
lysine-deficiency was derived from the same pre- 
cursors as the intracellular diaminopimelic acid. 


METHODS 


Organism. The lysine-requiring mutant EL. coli 26-26, 
derived from the parent strain EH. coli A.C.T.C. 9637, was 
originally obtained from Dr B. Davis. Details of media and 
maintenance have been described by Meadow, Hoare & 
Work (1957). This mutant is particularly unstable and 
reversion was kept to a minimum by daily subculture in 
minimal medium containing lysine. 

Materials. The radioactive materials (except acetate) 
were uniformly labelled with “C. p-[1*C]Glucose (specific 
activity 73-1 c/mg.) was supplied by The Radiochemical 
Centre, Amersham, Bucks. The specific activities of 
sodium [4C]aspartate and sodium [2-“C]acetate were 
52yuc/mg. and 92yc/mg. respectively. Sodium ['*C]- 
pyruvate was prepared freshly from [!4C]pyruvamide 
(specific activity 43 u.c/mg.) by hydrolysis with n-HCl for 
90 min. at 100°. 

Incorporation experiments. E. coli 26-26 was grown for 
44 hr. with shaking at 37° in 250 ml. conical flasks each 
containing 100 ml. of minimal medium (Meadow et al. 
1957) with 50 uMm-t-lysine and 0-5% of glucose. Materials 
labelled with ™C were sterilized by filtration through 
Dalton P5 Chamberland thimbles and added to the 


medium after autoclaving (10 lb./in.? for 10 min.) so that 
the solid from 1 ml. gave at least 5000 counts/min. The cells 
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were harvested by centrifuging and washed with 0-9% 
NaCl soln. until 1 ml. of the washings contained no de- 
tectable radioactivity. The 
hydrolysed in sealed tubes overnight with 6N-HCl and 
freed from HCl by evaporation over KOH. The hydrolysed 
cells and the culture filtrates were fractionated by paper 
chromatography and their radioactivity was detected as 
described below. 

Detection and estimation of diaminopimelic acid. The 
culture filtrate (0-1 ml.) was investigated directly by single- 
dimensional chromatography on Whatman no. | paper with 
methanol—-water-10N-HCl-pyridine (80:17-5:2-5:10, by 
vol.) as solvent (Hoare & Work, 1955). After solvent- 
development and drying, the chromatograms were first 
scanned for radioactivity, then dipped in ninhydrin in 
acetone (0-1%, w/v) and heated at 100° for 2 min. The 
solvent system used separates the meso- and LL-isomers of 
diaminopimelic acid and the amount present in the spots 
was estimated by a modification of the reaction of lysine 
with acid ninhydrin (Chinard, 1952), proposed by Work 
(1957) for the estimation of diaminopimelic acid in solu- 
tion. The piece of filter paper covered by both the diamino- 
pimelic acid isomers was removed, cut into small pieces and 
immersed in a mixture of 0-5 ml. of water and 1 ml. of 
ninhydrin reagent (AnalaR acetic acid, 8ml.; 0-6m- 
phosphoric acid, 2 ml.; AnalaR ninhydrin, 125 mg.). This 
mixture was heated at 100° for 5 min., diluted to 5 ml. with 
acetic acid and, after removing the filter paper by centri- 
fuging, its absorption at 440 my was read in a Unicam 
spectrophotometer type SP. 500 in 1 cm. diameter tubes 
against the absorption of a blank prepared from adjacent 
amino acid-free areas of filter paper. A standard curve was 
constructed from known amounts (5-150 yg.) of diamino- 
pimelic acid subjected to the same chromatographic 
procedure. 

The hydrolysed ceils (approx. 5 mg. dry wt.) were in- 
vestigated by two-dimensional chromatography on 
Whatman no. 4 paper with phenol—water-aq. NH, soln. 
(sp.gr. 0-880) (80:2U:0-5, by vol.) and butan-1-ol-acetic 
acid—water (67:10:23, by vol.) as solvents. After they had 
been subjected to radioautography on Kodirex code 7 
X-ray films for 6 weeks to detect the radioactive areas, the 
chromatograms were developed with ninhydrin. 

Detection of radioactivity. Solutions were evaporated and 
the residues counted at infinite thinness, and solids were 
counted at infinite thickness, on 1 cm.? planchets with a 
thin mica end-window Geiger—Miiller tube. The radio- 
activity of one-dimensional chromatograms was measured 


cells were acetone-dried, 
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by Dr G. Popjak with an automatic recording and scanning 
device in which the paper strips were driven between two 
thin mica (Hele, 
Popjak & Lauryssens, 1957). Tracings were thus produced 
which could be related to the ninhydrin-treated chromato 


grams. 


end-window Geiger—Miiller counters 


Extraction of diaminopimelic acid from the culture filtrate. 
The method used was essentially that of Work & Denman 
(1953), except for the use of an ion-exchange resin with a 
lower degree of cross-linking from which the diamino- 
pimelic acid was relatively easily removed. The culture 
filtrate (200 ml.) was adjusted to pH 3 with HCl and boiled 
for 5 min. The resulting precipitate, previously found to be 
a lipoprotein—polysaccharide complex which accumulates 
in the growth medium at the same time as diaminopimelic 
acid (Meadow, 1958), was removed by filtration through 
Oxoid membrane filters (Oxo, Ltd., London). The filtrate 
was concentrated to dryness in vacuo, dissolved in water 
(20 ml.) and treated with an excess of charcoal (Farnell LS 
grade; approx. 5 g.) to remove some of the carbohydrates. 
It was filtered, redried and dissolved in 1-25N-HCl (10 ml.). 
This solution was run on to a column (36 em. x 4-8 cm.) of 
Zeo-Karb 225 nominally 44 % cross-linked (100-150 mesh), 
which had been equilibrated with 1-25N-HCl after ‘cycling’ 
with 2n-NaOH, 4n-HCl and 2n-HCl. The amino acids were 
eluted from the column with 1-25n-HCl and examined in 
0-3 ml. samples of the eluate fractions by paper chromato- 
graphy with methanol—water—HCl-pyridine as solvent. In 
addition, diaminopimelic acid was estimated quantitatively 
in 0-1 ml. samples by reaction at 100° with ninhydrin in 
acid solution (Work, 1957). The fractions containing di- 
aminopimelic acid were combined, concentrated in vacuo 
and decolorized with charcoal. The pH was adjusted to 
pH 6-2 with lithium hydroxide and diaminopimelic acid 
was precipitated by addition of 2 vol. of ethanol (Work, 
Birnbaum, Winitz & Greenstein, 1955). 


RESULTS 


Incorporation of “C from the medium into the 
extracellular diaminopimelic acid produced by 
Escherichia coli 26—26 


When EF. coli 26-26 was grown under optimum 
conditions for the accumulation of diaminopimelic 
acid, with unlabelled glucose as energy source and 
trace amounts of [!4C]acetate or [!4C]aspartate, the 


Table 1. Uptake of “C-labelled materials from the growth medium by Escherichia coli 26-26 


Cultures were grown for 44 hr. aerobically in minimal medium (see Methods section) containing 50 um-L-lysine with 
glucose (0-5%) as main energy source. Counts on solids from 1 ml. of medium are corrected for background and were 


90, 


made at infinite thinness with a thin mica end-window Geiger—Miiller counter (counting efficiency approx. 2%). 


Amount 
of labelled 
material added 
to medium 
before growth 


Before 
growth 


Radioactivity 


After 


growth Uptake 


/ o/ 
(ug./ml.) (counts/min./ml.) (%) 

Aspartate 2-2 5 100 160 97 
Acetate 1-9 7 800 1 400 82 
Pyruvate 73-0 141 000 44 000 69 
Glucose 7-0 10 380 727 93 
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greater part of the radioactivity had disappeared 
from the culture filtrate at the end of the incuba- 
tion period of 44 hr. (Table 1). When 20 times as 
much C was added, as pyruvate, 70% of the 
radioactivity was lost from the medium during 
growth and the amount left in the culture filtrate 
was still considerably higher than that added as 
acetate or aspartate. Ninhydrin-developed chro- 
matograms from all the culture filtrates showed 
two green spots corresponding to the meso- and 
LL-isomers of diaminopimelic acid (Hoare & Work, 
1955); the total amount of diaminopimelic acid in 
each chromatogram was estimated to be about 
20 pg. The radioactive areas on the chromatograms 
were detected by the automatic-recording device 
described in the Methods section. There was no 
detectable radioactivity in the areas occupied by 
diaminopimelic acid in the culture filtrates from 
media labelled with ['C]pyruvate and [#C)- 
aspartate. The only peaks of radioactivity were in 
the same positions as those shown on chromato- 
grams of the media before bacterial growth and 
were therefore due to unused radioactive meta- 
bolite. The culture filtrate the acetate- 
labelled medium showed radioactivity in both the 
diaminopimelic acid spots. When the source of 4C 


from 


was glucose (diluted with unlabelled glucose as a 
source of energy) radioactive diaminopimelic acid 
was again produced. Since labelled glucose was 
more readily obtainable than acetate and since the 
cells would not easily become adapted to use 
acetate as sole source of carbon, it was decided to 
use [#4C]glucose for the production of diamino- 
pimelic acid. 


Incorporation of *C into intracellular amino 
acids of Escherichia coli 26-26 
The washed cells grown with the four sources of 
radioactivity were hydrolysed and the incorpora- 
tion of 14C into their intracellular amino acids was 


Table 2. Incorporation of [**C]laspartate into the 
intracellular amino acids of Escherichia coli 26—26 
as shown by radioautography 


with 
Harvested cells were hydrolysed 


The culture was grown as described in Table 1, 
added [!*C]aspartate. 
and the amino acids separated by paper chromatography 
and detected by ninhydrin-treatment and radioautography 
as described in the Methods section. 

Intensity of 


Amino acid radioautogram spot 


Aspartic acid 
Glutamic acid 
Diaminopimelic acid 
Lysine 

Threonine 

Leucine 

Isoleucine 

Other amino acids 
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studied by radioautography. The results obtained 
with pyruvate-grown and aspartate-grown cells 
were similar. In both, the diaminopimelic acid and 
the lysine of the cells were radioactive, although the 
diaminopimelic acid accumulating in the culture 
filtrate had been unlabelled. The radioautograph 
showed the preferential labelling of the aspartate 
‘family’ of acids (Abelson, 1954); the 
highest radioactivities were in the aspartic acid, 


amino 


glutamic acid, threonine, isoleucine and leucine 
spots, as well as in diaminopimelic acid and lysine, 
although there was some labelling in the other 
amino acids (Table 2). The diaminopimelic acid 
the chromatograms of hydrolysed 
aspartate-grown cells and of the culture filtrate was 


present on 


eluted and analysed. Diaminopimelic acid (40 yg.) 
from the hydrolysed cells gave 50 counts/min. after 
correcting for background, whereas 40 pg. from the 
culture filtrate gave no counts above background. 

When the cells were grown on unlabelled glucose 
with added [}#C]glucose or [!4C]acetate, all the 
intracellular amino acids including both diamino- 
pimelic acid and lysine were radioactive. Here the 
extracellular diaminopimelic acid was also labelled. 


Preparation of [#*C]diaminopimelic acid from the 
culture filtrate of Escherichia coli 26-26 with 
[14C]glucose as source of radioactivity 

(200 ml.) containing lysine 

(50 pm) and glucose (0-5 %; 100 1c) was used for the 


Minimal medium 
production of [14C]diaminopimelic acid. The culture 
filtrate 
column 


was concentrated and separated on a 
of Zeo-Karb described in the 
Methods section. After small amounts-of aspartic 
acid, glycine, alanine, glutamic acid and valine 
had been eluted in the first 220 ml. of eluate from 
the column, diaminopimelic acid was detected in 
the 220-260 ml. fractions. The elution curve was 


225 as 


almost symmetrical, showing that the meso- and 
LL-isomers were not being differentially eluted (see 
Hoare & Work, 1955). This was confirmed by paper 
chromatography. The final yield of diaminopimelic 
acid was 35mg., of specific activity 0-10 y.c/mg. 
Paper chromatograms of this [?4C]diaminopimelic 
acid were made in the following solvents : methanol- 
water—10N-HCl-pyridine (80: 17-5: 2-5: 10, by vol.); 
phenol—water—aq. NH, soln. (sp.gr. 0-880) 
(80:20:0-5, by vol.); butan-1-ol—acetic acid—water 
(67:10:23, by vol.). The radioactive and nin- 
hydrin-positive spots were always superimposable, 
indicating that diaminopimelic acid was the only 
radioactive amino acid present. 


DISCUSSION 


This study has resulted in the unexpected finding 
that the diaminopimelic acid excreted into the 
medium by the lysine-requiring mutant of LZ. coli 
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under conditions of lysine-restriction was not 
always derived from the same precursors as the 


intracellular diaminopimelic acid. When the 
mutant was grown in media containing trace 


amounts of ['C]aspartate or [C]pyruvate with 
unlabelled glucose as main energy source, the 
extracellular diaminopimelic acid contained at 
least 50 times less radioactivity than the intra- 
cellular diaminopimelic acid. The selective distri- 
bution of radioactivity in the intracellular amino 
acids suggested that both pyruvate and aspartate 
had been taken up unchanged, since they contri- 
buted relatively more radioactivity to aspartic 
acid, glutamic acid, threonine, leucine, lysine and 
diaminopimelic acid than to the other amino acids. 
These are the amino acids shown by isotopic- 
dilution techniques (Abelson, 1954) to be derived 
from any exogenous aspartic acid present in 
preference to the products of glucose metabolism. 

The difference in radioactivity between the 
extracellular and intracellular diaminopimelic acid 
could be related to the differences in the consti- 
tuents of the medium at the time of their synthesis. 
Intracellular diaminopimelic acid is formed during 
growth, that is, while the concentration of lysine in 
the medium is sufficient to allow normal protein 
and cell-wall synthesis, whereas the extracellular 
diaminopimelic acid is produced only after all the 
lysine has been exhausted from the medium in 
conditions of maximum aeration (Work, 1955). 
Roberts, Abelson, Cowie, Bolton & Britten (1955) 
have some evidence that exogenous lysine may 
promote new synthetic pathways in H. coli B; and 
it is possible that in the lysine-requiring mutant 
the exhaustion of exogencus lysine could result in 
an alternative metabolic sequence leading to the 
production of diaminopimelic acid by a route 
different from that normally used when the lysine 
concentration is adequate. An alternative hypo- 
thesis, that synthesis of extracellular diamino- 
pimelic acid occurs only after the 1C-labelled 
metabolite has been depleted from the medium, 
leaving unlabelled glucose as sole carbon source, is 
unlikely in view of the results with [74C]acetate and 
[C]pyruvate as radioactive tracers. Growth with 
[4C]acetate gave rise to C-labelled extracellular 
diaminopimelic acid, whereas [!4C]pyruvate was 
not incorporated in this way and yet more pyruvate 
than acetate was left in the medium at the end of 
the experiment. There is, however, the possibility 
that pyruvate does not enter the cell during the 
later stages of growth when the extracellular 
diaminopimelic acid is produced, since if it could 
enter the cell it would be expected to give rise to 
labelled acetate and thence to labelled extracellular 
diaminopimelie acid. 

These experiments suggest that 
diaminopimelic acid may be synthesized through a 


intracellular 
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route preferentially utilizing the carbon chain of 
aspartate or pyruvate, but that these compounds 
are not incorporated into the abnormal extra- 
cellular diaminopimelic acid. It cannot be too 
strongly emphasized that this extracellular accumu- 
lation of diaminopimelic acid occurs only under 
lysine-restriction and in fully aerated cultures at 
the end of the growth phase, when the availabie 
glucose-degradation products may be different from 
those produced by growth under conditions of less 
vigorous aeration. The mechanism of diamino- 
pimelic acid accumulation under these circum- 
stances is unknown, but it is possible that it 
involves some kind of overcompensation mech- 
anism related to the lysine-deficiency. In the next 
paper evidence is presented which suggests that 
diaminopimelic acid is one, but not the only, 
precursor of lysine. In this case it is permissible to 
wonder why this mutant cannot use the alternative 
route when deprived of lysine. Perhaps the 
accumulation of diaminopimelic acid or its pre- 
cursors may inhibit a step in the alternative 
pathway. 


SUMMARY 


1. Escherichia coli 26-26 was grown on a sub- 
optimum concentration of lysine with various C- 
labelled compounds to determine which materials 
could act as carbon-chain precursors for diamino- 
pimelic acid. 

2. [4C]Pyruvate and [*4C]aspartate were in- 
corporated into the intracellular diaminopimelic 
acid but not into the diaminopimelic acid which 
accumulated in the culture filtrate. 

3. [4C]Glucose and [2-!4*C]acetate 
corporated into the diaminopimelic acid both in the 
culture filtrate and in the cells. 

4. A mixture of the meso- and LuL-isomers of 
[44C]diaminopimelic acid was isolated from the 
culture filtrate of the lysine-requiring mutant 
E. coli 26-26 grown with [C]glucose as main 
carbon source. 
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Biosynthesis of Diaminopimelic Acid and Lysine in Escherichia coli 


2. INCORPORATION OF [#4CJDIAMINOPIMELIC ACID, LYSINE AND GLUCOSE 


By PAULINE MEADOW* anp ELIZABETH WORK7T 
Department of Biochemistry, University College London and Department of Chemical Pathology, 
University College Hospital Medical School, London 


(Received 6 January 1959) 


Lysine is one of the few amino acids for which the 
biosynthetic pathway in bacteria is different from 
that found in other types of organisms (Work, 
1955; Meadow, Hoare & Work, 1957). Much 
indirect evidence has accumulated which suggests 
that in Escherichia coli one such pathway involves 
the decarboxylation to lysine of diaminopimelic 
acid, an amino acid confined to bacteria (Work & 
Dewey, 1953; Hoare & Work, 1957). This evidence 
includes the absence of diaminopimelic acid 
decarboxylase from certain lysine-requiring mu- 
tants of EL. coli (Dewey & Work, 1952), the accumu- 
lation of diaminopimelic acid by these mutants in 
lysine-deficient media (Davis, 1952) and _ the 
isolation of double mutants requiring both diamino- 
pimelic acid and lysine for growth (Davis, 1952). 
In addition, isotopic-dilution experiments sug- 
gested that both lysine and diaminopimelic acid 
may be derived from the same precursor, as- 
partate, although not necessarily by the same route 
(Roberts, Abelson, Cowie, Bolton & Britten, 1955). 

Even these few studies have produced various 
anomalies which cannot be explained by any 
single biosynthetic route to lysine. For instance, 
mutant 173-25 has not only an absolute require- 
ment for diaminopimelic acid but, even when grown 
on diaminopimelic acid, it is stimulated by lysine 
(Davis, 1952), although its diaminopimelic acid 


* Beit Memorial Fellow. 
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decarboxylase content is normal. This mutant can, 
however, be trained to dispense with lysine 
(Meadow e¢ al. 1957) without any change in its 
diaminopimelic acid requirement or in its diamino- 
pimelic acid decarboxylase activity, which suggests 
that a route to lysine other than that through 
decarboxylation of diaminopimelic acid may have 
been deficient or blocked in mutant 173-25 and 
then redeveloped by training. On the other hand, 
the only mutants known to lack diaminopimelic 
acid decarboxylase have an absolute requirement 
for lysine, which should not be the case were they 
able to produce lysine by a route different from 
that through diaminopimelic acid. 

This paper describes direct evidence that di- 
aminopimelic acid is taken up during growth of 
E. coli 9637 and certain of its mutants, that it is a 
precursor of lysine in these organisms, but that it 
does not provide the only biosynthetic route to 
lysine. 

Some of these results have been presented in a 
preliminary report (Meadow & Work, 1959a). 


METHODS 


Materials. The radioactive materials used were uni- 
formly labelled with ™“C. [!*C]Lysine (specific activity 
100 uc/mg.) was supplied by The Radiochemical Centre, 
Amersham, Bucks. [!C]Diaminopimelic acid (specific 
activity 0-10c/mg.) was prepared as described in the 
preceding paper (Meadow & Work, 1959); it was a mixture 
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of the meso- and LL-isomers, known to have equal bio- 
logical activities for the mutants (Meadow et al. 1957). 

Organisms. All organisms originated from the parent 
strain H. coli A.C.T.C. 9637. E. coli 26-26 required lysine 
for growth, Z. coli D was diaminopimelic acid-dependent 
and EZ. coli 173-25 was also diaminopimelic acid-dependent 
and was stimulated by lysine. Their source and growth 
characteristics have been described by Meadow et al. (1957). 

Growth for incorporation experiments. All organisms were 
grown at 37° for 18 hr. in minimal medium (Meadow et al. 
1957) containing glucose (0-5%) and amino acid supple- 
ments. After growth the mutants were subcultured into 
minimal medium with and without amino acids to check 
that no reversion had occurred. For growth of E. coli 26-26 
the medium contained 0-2 mm-L-lysine, previously shown 
to be the concentration necessary for optimum growth 
(Meadow et al. 1957). HE. coli 9637, E. coli D and E. coli 
173-25 were grown in the presence of diaminopimelic acid 
(meso- and LL-) (0-1 mm) and 1-lysine (0-1 mm); these were 
the conditions found to give optimum growth of EL. coli 
173-25 and were used for mutant D to provide identical 
growth conditions for these two mutants. 

The amounts of [1C]lysine and [14C]diaminopimelic acid 
used in each experiment are shown in Table 1. The radio- 
activity removed during growth was determined by count- 
ing, at infinite thinness, the solid from 0-5 ml. of the 
original medium and of the culture filtrate after removing 
the bacteria by centrifuging at 10 000 g for 10 min. 

In another experiment L. coli 173-25 and E. coli D were 
grown with unlabelled diaminopimelic acid, unlabelled 
lysine and [!4C]glucose (1-0 uc/ml. of medium) diluted to 
05% with unlabelled glucose. 

Preparation of cell fractions. (a) Trichloroacetic acid 
fractions: 25 ml. batches were grown for each experiment: 
the cells were harvested by centrifuging and washed with 
water until 0-5 ml. of the washings contained no detectable 
radioactivity. The washed cells were extracted with cold 
and then with hot trichloroacetic acid (5%, w/v) according 
to the method of Roberts et al. (1955). The extracted 
materials and residues were hydrolysed in sealed tubes with 
6N-HCl at 100° for 18 hr. 

(b) Cell walls: 600 ml. batches of media were used for 
each experiment. After washing as before, the harvested 
cells were disintegrated mechanically at 4° (Mickle, 1948) 
and treated with trypsin and pepsin to prepare ‘ purified’ 
cell walls (Cummins & Harris, 1956). The walls were 
further extracted with aqueous phenol (90%, w/v) 
(Weidel & Primosigh, 1958) and the phenol was removed 
from each fraction by dialysis against tap water. The 
phenol-soluble material and the insoluble residues were 
then hydrolysed separately with 6N-HCl as before. 

Chromatography. The hydrolysed cell fractions were 
evaporated to dryness over KOH, redissolved in water 
(2ml.) and separated chromatographically on Whatman 
no. 4 paper with phenol—water—aq. NH, soln. (sp.gr. 0-880) 
(80:20:0-5, w/v/v) and butan-l-ol-acetic acid—water 
(67:10:23, by vol.) as solvents. The volumes applied were 
25 ml. of the trichloroacetic acid fractions and 0-5 ml. of 
the cell-wall fractions. This chromatographic system 
separated diaminopimelic acid from the other amino acids 
but did not always separate lysine from arginine. The dried 
chromatograms were placed in contact with X-ray plates 
(Kodirex code 7) for 3-6 weeks to detect the radioactive 
areas. Those areas corresponding to lysine and diamino- 
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pimelic acid were then cut out and eluted with water. The 
eluate from the lysine-containing area was subjected to 
paper electrophoresis in 0-5m-Na,CO, buffer, pH 11-5, to 
remove arginine and histidine (Harris & Warren, 1954). 
After drying the electrophoresis strips, the lysine was 
again detected by radioautography and eluted. All eluates 
were made up to a volume of 2 ml. 

Measurement of radioactivity. Triplicate samples (0-2 ml.) 
of the eluates from the chromatograms and electrophoresis 
papers were dried on to 1 cm.? planchets and counted at 
infinite thinness with a windowless flow counter (S.C. 16 
Tracerlab, Chicago, U.S.A.) with a conventional scaler 
(counting efficiency 10-5%). Each sample was counted 
twice to at least 10000 counts and the results given are 
means of the activities of the three samples. Duplicate 
estimations agreed within 5%. Specific activities were 
calculated in terms of counts/min./yg. of carbon (calculated 
from the weight of diaminopimelic acid or lysine estimated). 

Estimation of diaminopimelic acid and lysine. Diamino- 
pimelic acid was estimated in eluates from chromatograms 
(Meadow & Work, 1959). Lysine was similarly determined 
after electrophoresis except that the heating time at 100° 
was prolonged to 1 hr. and the standard curve ranged from 
5 to 100ug. Estimations were carried out in duplicate on 
0-5, 0-2 and 0-1 ml. samples of the eluates and the results 
given are the mean values. 


RESULTS 


Table 1 shows the amounts of [##C]lysine and 
[?4C]diaminopimelic acid removed from the medium 
during growth of the three mutants of £. coli in 
various experiments. Chromatograms of the 
media after growth showed only trace amounts of 
several amino acids other than those added and 
there was only slight labelling detectable when the 
chromatograms were examined by radioauto- 
graphy, except in the diaminopimelic acid or lysine 
originally added. 


Incorporation of [#4C]lysine 


Trichloroacetic acid fractions. The results obtained 
by extraction with trichloroacetic acid of the three 
mutants and the parent strain grown in the presence 
of [14C]lysine were similar. The soluble fractions 
contained little or no detectable radioactivity and 
only traces of ninhydrin-positive material and were 
therefore not investigated further. The insoluble 
residues were radioactive and were investigated by 
chromatography, electrophoresis and radioauto- 
graphy. Exogenous [14C]lysine had been incorpor- 
ated only into lysine and to a small extent into two 
other positions, X and Y, which did not correspond 
with any ninhydrin-positive spot. There was no 
detectable radioactivity in diaminopimelic acid. 

The diaminopimelic acid and lysine of these 
fractions were separated, estimated and counted as 
described in the Methods section and the results are 
given in Table 2. Most (80-90 %) of the [**C]lysine 
removed from the medium was recovered from the 
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Table 1. Uptake of [)4C]lysine and [#4C]diaminopimelic acid by mutants of Escherichia coli 
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The mutants were grown at 37° for 18 hr. in minimal medium, containing [*C]lysine or [*#C]diaminopimelic acid with 
glucose (0-5%) as main carbon source. Unlabelled lysine and diaminopimelic acid were added to give the following final 











concentrations: mutant 26-26, L-lysine (0-2 mm); mutants 173-25 and D, diaminopimelic acid (0-1 mm) and L-lysine 
(0-1 mm). The experiments are numbered for references with other tables. 
Radioactivity of medium 
(counts/min./ml.) 
Expt. cori rnactrnets w 
Mutant no. {*4C]Amino acid Before growth After growth 
26-26 1) 17 500 9 540 
173-25 2| 14 900 12 000 
D 37 Lysine 14 400 12 400 
173-25 4 | 35 600 33 460 
D 5 36 000 34 200 
173-25 6 | | 440 140 } 
D 7 ae ih Rl he al 430 110 
173-25 8 | Diaminopimelic acid 1+ 450 270 
D 9) ( 440 243 
Table 2. Incorporation of [#*C]lysine into the trichloroacetic acid-insoluble fractions 
of mutants of Escherichia coli 





The mutants were grown in minimal medium with unlabelled glucose and amino acid supplements and [?*C]lysine as 
shown in Table 1. After growth they were harvested, washed and extracted with trichloroacetic acid as described in the } 
Methods section. The insoluble residues were hydrolysed and the lysine and diaminopimelic acid separated on paper and 
estimated in eluates as described in the Methods section. Values shown were obtained with the eluates from one chromato- 
gram to which one-eighth of the total hydrolysate had been applied. The radioactivity recovered is calculated as the per- 
centage of that removed from the medium found in the lysine of the hydrolysed fraction. | 








Amino acids in eluate \ 
_— ——— \ 7 
Lysine 
Diaminopimelic acid c A Radio- 
OF Specific activity activity 
Expt. Amount Radioactivity Amount Radioactivity (counts/min./ recovered 
Mutant no. (ug-) (counts/min.) (ug-) (counts/min.) yg. of carbon) (%) 
26-26 1 5 0 37 21 800 1200 87 
6 0 40 23 400 1180 94 
173-25 2 18 0 76 7 600 218 86 
20 0 86 8 200 193 92 
D 3 10 0 47 4 800 207 79 
13 0 57 5 500 196 90 





Table 3. Incorporation of [14C]lysine into cell-wall fractions of mutants of Escherichia coli 


After growth, as shown in Table 1, cell walls were prepared from the harvested cells, fractionated with phenol (90%, 
w/v), hydrolysed and the diaminopimelic acid and lysine separated on paper and estimated in eluates as described in the 
Methods section. Values shown were obtained with eluates from a single chromatogram to which one-quarter of the tot#l 
hydrolysate had been applied. The recovery of radioactivity is calculated as the percentage of that removed from the 
medium found in the lysine and diaminopimelic acid of the hydrolysed wall fractions. } 








Amino acids in eluate 
c in ‘ 
Lysine 
Diaminopimelic acid A ‘ 
—— — Specific 
Radio- activity Radio- 
activity (counts/ activity 
Expt. Wall Amount (counts/ Amount Radioactivity min./ug. recoverel | 
Mutant no. fraction (ug-) min.) (ug-) (counts/min.) of carbon) (%) 
173-25 4 Phenol-insoluble 71 0 649 160 200 501 50 
82 0 722 140 900 499 44 
Phenol-soluble 18 0 120 28 840 488 9 
21 0 132 25 630 485 8 
Rirn% 5 Phenol-insoluble 64 0 483 124 000 521 46 
60 0 466 113 000 494 42 
Phenol-soluble 17 0 78 18 900 492 719 
19 0 90 21 600 487 8 | 
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Table 4. Incorporation of [MOWyrnge pp. sae 
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lysine of the trichloroacetic acid-insoluble fractions 
of all three mutants. The diaminopimelic acid was 
labelled. The specific activity of lysine in 
mutant 26-26 cannot be compared with that in the 


not 


other two mutants since the media were different. 
The results with mutants 173-25 and D, which 
were with identical show that 
exogenous lysine accounted for 10 % of the cellular 
lysine in both mutants. 

Cell walls. Mutants D and 173-25 were grown in 
the presence of [*4C]lysine and the cell walls iso- 
lated and extracted with phenol (Table 3). The 
fraction soluble in phenol yielded on hydrolysis 


obtained media, 


many amino acids, including some lysine and di- 
aminopimelic acid, whereas the residues contained 
mainly glucosamine, muramic acid, glutamic acid, 
alanine, lysine and diaminopimelic acid, but with 
traces of several other amino acids. The diamino- 
pimelic acid was again unlabelled, but only 60% 
of the radioactivity removed from the medium was 
found in the lysine of the two wall fractions. The 
specific activities of the lysine in the two wall 
fractions were similar and there were no significant 
differences between the results for the two mutants, 
both of which derived about 10% of their lysine 
from the growth medium. 


Incorporation of [}4*C|\diaminopimelic acid 

Trichloroacetic acid fractions. As with lysine, no 
radioactivity was detected in the trichloroacetic 
acid-soluble fractions of the two diaminopimelic 
acid-requiring mutants grown with labelled di- 
aminopimelic acid. Radioautographs of chro- 
matograms from the hydrolysed trichloroacetic 
acid-insoluble residues of the parent strain and of 
the two mutants showed that [**C]diaminopimelic 
acid was incorporated by all three types of cells. 
144C was present only in the lysine and diamino- 
pimelic acid spots and sometimes in the unidenti- 
fied spots X and Y, previously found to be labelled 
on the chromatograms of cells grown with [*4C]- 
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lysine. There was no essential difference between 
the three radioautographs except that those from 
the two mutants showed more strongly radioactive 
spots. 

Measurements of the radioactivity of the lysine 
and diaminopimelic acid in the trichloroacetic 
acid-insoluble fractions showed that about 80% 
of the “C taken up from the medium had been 
incorporated into these two amino acids (‘Table 4), 
The specific activity of diaminopimelic acid was 
higher than that of lysine. 

Cell walls. Table 5 shows the distribution of 
radioactivity in the diaminopimelic acid and lysine 
of isolated cell-wall fractions of the diaminopimelic 
acid-requiring mutants grown with ['C]diamino- 
pimelic acid. Both the diaminopimelic acid and the 
lysine of the two fractions were labelled, the total 
amount of radioactivity in the two fractions repre- 
senting approximately 50% of that removed from 
the medium. There were no significant differences 
between the degrees of labelling of the two frac- 
tions, but the specific activity of diaminopimelic 
acid was considerably higher than that of lysine, 
particularly in mutant D. In this mutant only 
55 % of the lysine was derived from the exogenous 
diaminopimelic acid supplied, whereas in mutant 
173-25 80% of the lysine was derived from the 
[14C]diaminopimelic acid. 


Incorporation of [14C]glucose 


The previous experiments had suggested that 
part of the lysine was derived from a precursor 
other than diaminopimelic acid. This was con- 
firmed by growing the two diaminopimelic acid- 
requiring mutants in media containing unlabelled 
lysine and diaminopimelic acid and [!4C]glucose. 
The resulting cell walls contained unlabelled 
diaminopimelic acid (Table 6), confirming that 
both mutants were unable to synthesize diamino- 
pimelic acid. All the other amino acids, including 
lysine, were labelled. The specific activity of the 


Table 6. Incorporation of [14C]glucose into cell-wall fractions of diaminopimelic acid-requiring mutants 
of Escherichia coli 


After growth with [4C]glucose and unlabelled diaminopimelic acid and lysine, the cells were harvested and cell walls 


prepared and treated as described in Table 3. 


Amino acids in eluates 








ane V aoe as = A. = = ~ 
Diaminopimelic acid Lysine 
<A a = = - - ~ is ‘ 
Radio- Specific 
activity activity 
Amount (counts/ Amount Radioactivity  (counts/min./ 
Mutant Wall fraction (ug-) min.) (ug-) (counts/min.) jg. of carbon) 
173-25 Phenol-insoluble 40 0 200 11 000 112 
Phenol-soluble 12 0 40 2370 120 
D Phenol-insoluble 50 0 420 48'220 233 
Phenol-soluble 15 0 100 11 680 237 
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lysine from mutant D was double that from mutant 
173-25, showing that about 20% of the lysine in 
walls of mutant D and 10% of that in mutant 
173-25 was derived from glucose. 


DISCUSSION 


These experiments show the general lack of 
metabolic interchange between lysine or diamino- 
pimelic acid and the other cellular constituents of 
E. coli. mesoDiaminopimelic acid and lysine are 
substrates for several enzymes known to be present 
in the strain used (Meadow et al. 1957). Two specific 
decarboxylases convert either mesodiaminopimelic 
acid into lysine or lysine into cadaverine; and 
diaminopimelic acid racemase produces an equi- 
librium mixture of the meso- and 
(Antia, Hoare & Work, 1957), a necessary reaction 
for the incorporation (as mesodiaminopimelic acid 
and lysine) of the meso- and t-[14C]diaminopimelic 
acid supplied in our experiments. In addition, 
transaminases can catalyse the transfer of amino 
groups from all isomers of diaminopimelic acid and 
lysine to keto acids (Meadow & Work, 1958). 
However, very little redistribution of 14C was found 
in cells grown with [C]lysine or [14C]diamino- 
pimelic acid. About 90% of the [*4C]lysine taken 
up from the medium was recovered in the lysine of 
the trichloroacetic acid-insoluble fractions only 
and traces of radioactivity were found in two other 
unidentified materials (X and Y) in these fractions. 
These labelled materials (X and Y) were not in- 
vestigated further. [#4C]Diaminopimelic acid was 
incorporated both by 
requiring mutants and by the parent strain; it was 
converted only into lysine and the unidentified 
materials X and Y. Thus transamination reactions 
apparently played little part in the normal meta- 
bolism of either diaminopimelic acid or lysine in 
E. coli and insignificant decarboxylation of lysine 
can have occurred. 

This metabolic inertness of lysine had previously 
been shown with Z. coli grown in the presence of 
sarboxyl-labelled lysine (Siddiqi, Kozloff, Putnam 
& Evans, 1952), but some results of Roberts et al. 
(1955) suggested a redistribution of exogenous 


LL-isomers 


the diaminopimelic acid- 


[“C]lysine into threonine, isoleucine, arginine and 
proline. Roberts et al. were, however, unable to 
find any evidence for incorporation of diamino- 
pimelic acid during growth of EF. coli B for 2 hr. 
with [14C]glucose, since there was no decrease of the 
labelling of intracellular diaminopimelic acid or 
lysine as a result of adding unlabelled diamino- 
pimelic acid to the growth medium. The results 
were interpreted as indicating that diaminopimelic 
acid is not on the direct biosynthetic route to 
lysine, but this interpretation is not valid as 
diaminopimelic acid was apparently not incorpor- 
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ated by the bacteria in these experiments. It is not 
possible to say whether the short growth time or the 
different strain used by Roberts et al. could account 
for the divergence between their results and ours, 
or whether the low concentrations of diamino- 
pimelic acid in the whole cells and hence the low 
radioactivities involved made changes in radio- 
activity difficult to detect. 

One of the main difficulties in all experiments 
involving the study of diaminopimelic acid in Gram- 
negative bacteria is the relatively low concentra- 
tion of this amino acid in whole cells (0-4 % dry wt.). 
It was to avoid this difficulty that we used isolated 
cell walls, which in ZH. coli contain all the cellular 
diaminopimelic acid (Hoare & Work, 1957) but 
comprise only about 10% of the dry weight 
(Salton, 1956). We also concentrated the diamino- 
pimelic acid-containing component of the walls by 
extraction with 90% phenol. This method of 
fractionation was used by Weidel & Primosigh 
(1958) tu separate the walls of EF. coli B into two 
components, a phenol-soluble lipoprotein and a 
phenol-insoluble lipopolysaccharide—peptide. The 
latter fraction, which represented only 20% of the 
wall weight, contained, in addition to the lipopoly- 
saccharide, glutamic acid, alanine, glycine, lysine, 
diaminopimelic acid, glucosamine and muramic 
acid. This simple amino acid pattern, combined 
with the two hexosamines, is typical of the muco- 
peptide which comprises the main rigid structure 
of the walls of Gram-positive bacteria, except that 
in these bacteria lysine and diaminopimelic acid 
never occur together (see Work, 1957). Our results 
on the amino acid contents of the two wall fractions 
confirmed in general those of Weidel & Primosigh, 
except that diaminopimelic acid was also present to 
a small extent in the phenol-soluble fraction and 
trace amounts of several other amino acids as well 
as the seven main components were present in the 
phenol-insoluble residue. We have found that the 
divergences between these results are due to strain 
differences rather than to differences in techniques. 

The mutants which were exacting for either di- 
aminopimelic acid or lysine incorporated these 
amino acids very efficiently. Both the cell-wall 
fractions together contained less #4C than the tri- 
chloroacetic acid-insoluble fractions, which is to be 
expected since the trichloroacetic acid-insoluble 
fraction contains both the intracellular protein and 
the cell walls. Similar results have been reported 
for lysine incorporation into cell walls of Staphylo- 
coccus aureus (Gale, Shepherd & Folkes, 1958). 

The experiments with the diaminopimelic acid- 
requiring mutants, grown in identical media con- 
taining both diaminopimelic acid and _ lysine, 
suggest that these mutants obtain lysine by at 
least three different means: by direct incorpora- 
tion of exogenous lysine; by decarboxylation of 
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exogenous diaminopimelic acid; by a route from 
glucose which does not involve diaminopimelic 
acid. The difference between the two mutants may 
depend on the proportionately different utilization 
of these routes rather than the development of new 
biosynthetic pathways. In spite of the different 
effects of lysine on their growth, both mutants 
obtained 10 % of their wall lysine directly from the 
medium, showing that the independence of lysine 
of mutant D was not due to impermeability to this 
amino acid. However, the amount of wall lysine 
(50-60%) derived from diaminopimelic acid in 
mutant D was less than that in mutant 173-25 
(80%), although the diaminopimelic acid de- 
carboxylase activities of the mutants were the 
same (Meadow et al. 1957). The lysine requirement 
of mutant 173-25 cannot therefore have been due 
to lack of penetration of diaminopimelic acid as 
suggested by Davis (1955). On the contrary, it 
seems more probable that the lysine independence 
of mutant D was achieved by an increased utiliza- 
tion of the third source of this amino acid. This 
hypothesis was supported by the results of experi- 
ments with [!4C]glucose, in which only 10 % of the 
wall lysine of mutant 173-25, as compared with 
20 % of that of mutant D, was derived from glucose. 
The source of lysine in mutant D grown without 
exogenous lysine was not studied, so it is not 
possible to decide whence this mutant would 
derive its lysine under this condition. There is some 
evidence that exogenous lysine may effect the 
endogenous metabolism of diaminopimelic acid 
and lysine. Thus the presence of lysine causes lysis 
of mutants D and 173-25 grown in limiting con- 
centrations of diaminopimelic acid (Meadow e¢ al. 
1957; Rhuland, 1957); the mechanism of this 
effect has not been studied. Roberts et al. (1955) 
suggested that exogenous lysine may initiate a 
series of metabolic steps leading to the synthesis of 
arginine and proline from lysine; however, the lack 
of redistribution of 4C from lysine and diamino- 
pimelic acid in our experiments make such new 
metabolic steps unlikely in the diaminopimelic 
acid-requiring mutants. 

Although these experiments provide an explana- 
tion for the difference between the amino acid 
requirements of mutants 173—25 and D, they do not 
explain the partial lysine requirement of mutant 
173-25. The alternative route to lysine from glucose 
was shown to be operative in this mutant and yet, 
even when supplemented by the route through 
diaminopimelic acid, it was unable to meet the 
full lysine requirements of the growing cell. In 


mutant 26-26, which lacks diaminopimelic acid 
decarboxylase (Dewey & Work, 1952), the absolute 
requirement for lysine suggests that the alternative 
route to lysine through glucose must be absent or 
inoperative. 
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Lysine was not converted into diaminopimelic 
acid in our experiments, in confirmation of the 
results of Roberts et al. (1955). This result was to be 
expected in mutant 26-26, which has no diamino- 
pimelic acid decarboxylase, but in mutant 173-25 
and D, which contain normal levels of decarboxyl- 
ase (Meadow et al. 1957), the failure to transfer “C 
from lysine to diaminopimelic acid can be taken as 
evidence for the virtual irreversibility of diamino- 
pimelic acid decarboxylase. The identical require- 
ments of the two mutants for diaminopimelic acid 
also support this view. 


SUMMARY 


1. Mutants of Escherichia coli, requiring either 
lysine or diaminopimelic acid or both of these 
amino acids for growth in a salts—glucose medium, 
were grown with [*4C]lysine, [14C]diaminopimelic 
acid or [!4C]glucose and the radioactivities of the 
lysine and diaminopimelic acid in the trichloro- 
acetic acid-insoluble fractions and fractionated 
cell walls were investigated. 

2. [}4C]Lysine was taken up by all the mutants 
tested. Of the radioactivity incorporated, 90% 
was found in the lysine of the trichloroacetic acid- 
insoluble fractions, whereas the cell walls contained 
50-60 %. 
10% of the cell-wall lysine of the diaminopimelic 
acid-requiring mutants was derived from that 
supplied exogenously. 

3. [4C]Diaminopimelic acid was incorporated | 
into both diaminopimelic acid and lysine of the 
diaminopimelic acid-requiring mutants and _ the 
parent strain. 
lysine of mutant 173-25 (diaminopimelic acid- | 
dependent, lysine-stimulated) and 50-60 % of that } 
from mutant D (diaminopimelic acid-dependent) 
was derived from the exogenous diaminopimelic | 
acid. 

4. Mutants 173-25 and D grown with [*C]- | 
glucose contained [!4C]lysine but unlabelled di- | 
aminopimelic acid. Twenty per cent of the wall ; 
lysine in mutant D and 10% of that in mutant 


173-25 was derived from glucose. 
We are grateful to the London University Central 
Research Fund for apparatus used in this work. 
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The Estimation of Anserinase Activity by a Low-Temperature 
Ninhydrin Reaction 


By N. 


R. JONES 


Torry Research Station, Department of Scientific and Industrial Research, Aberdeen 


(Received 18 November 1958) 


The properties of an 


anserine 


enzyme which cleaves 
l-methylhistidine and _ f-alanine 
have been reported previously (Jones, 1955, 1956). 
In the latter communication, reference was made 
to an improved procedure for the assay of anserin- 
ase. The present paper describes the experimental 
basis of this procedure. 

In the earlier study, activity 
measured by either the chromatographic estima- 
tion of liberated B-alanine or the analysis of de- 
proteinized for 


into 


enzyme was 


increase in 
amino nitrogen by a ninhydrin colorimetric pro- 
cedure (Moore & Stein, 1948), the degree of 
hydrolysis being calculated according to Fleisher 
(1953) and Schwartz & Engel (1950). The chro- 
matographic procedure is lengthy, but can be used 
to estimate small amounts of anserine hydrolysis 
with considerable accuracy. The Schwartz & Engel 
procedure is relatively rapid but less sensitive. This 
low sensitivity, which is a particular disadvantage 
in the measurement of initial velocity constants, is 
due to the high colour yields given by unhydrolysed 
anserine relative to those given by small quantities 
of liberated amino acids at a reaction temperature 
of 100°. 

During the course of an examination of the free 
amino compounds of fish muscle it was noticed that 
anserine gave a weak yellow—orange spot on nin- 
hydrin-sprayed chromatograms developed at room 


reaction mixtures 


temperature, whereas its constituent aniino acids 
gave more typical purplish colorations. It seemed 
possible, therefore, that similar effects might occur 


in solution and allow the direct colorimetric 


determination of anserinase by a method with low 
or zero anserine ‘blanks’ and consequent higher 
potential sensitivity at low levels of hydrolysis. 


EXPERIMENTAL 
Materials 


Anserine. This was isolated from frozen pike (Hsox 
lucius) by ion-exchange chromatography on sulphonated- 
polystyrene and Dowex 2 resins (Jones, 1955). After being 
recrystallized twice, its m.p. was 240°, decomp. (corr.). 
Linneweh & Linneweh (1930) record m.p. 238-239 
(Found: N, 23-2. Cale. for C,gH,,0,N,: N, 23-3%). 

pL-1-Methylhistidine. Anserine (3 g.) was hydrolysed in 
barium hydroxide (14%, w/v) for 8 hr. at 120°. The barium 
was removed as the sulphate and the hydrolysate was dis- 
placed from a column of Dowex 2 (OH) resin (15 cm. x 
1-8 cm., 80-100 mesh) with 0-02N-HCl through successive 
columns (12cm. x 1em., 100-200 mesh and 10 em. x 0-5cm., 
200-400 mesh). The rate of flow from the last column was 
0-2 ml./min. Uncontaminated pi-l-methylhistidine frac- 
tions were obtained. These were concentrated and, after 
recrystallizing from water, gave 1-4 g. of the amino acid, 
m.p. 251-5° decomp. (corr.). Linneweh & Linneweh (1930) 
reported m.p. 248-252° (Found: N, 22-6. Cale. for 
C,H,,0,N,H,O: N, 22-5%). 

B-Alanine. This was uncontaminated 
fractions during the separation of the hydrolysate of 
anserine on Dowex 2. The fractions were concentrated and 
after being recrystallized from ethanol gave 
800 mg. of the amino acid, m.p. 200-5° (corr.). Holm (1905) 
reported m.p. 200° (Found: N, 15-6. Cale. for C,;H,O,N: 
N, 15:7%). 

Ninhydrin reagent. This was prepared according to 
Moore & Stein (1948). 





obtained in 


aqueous 





408 


Methods 


Standard solutions of anserine and 1-methylhistidine plus 
B-alanine. Under the usual conditions of dipeptidase assay 
0-2 umole of dipeptide or an equivalent hydrolysis mixture 
is allowed to react with 1 ml. of ninhydrin reagent, the 
enzyme being removed first by precipitation with picric 
acid. Accordingly, standard solutions of (a) mM-anserine 
and (b) mm-f-alanine plus mm-1l-methylhistidine in 0-5% 
(w/v) picric acid were made up to represent 0 and 100% 
hydrolysis. Mixtures of these solutions represented inter- 
mediate stages. 

Reaction with ninhydrin. Standard solutions (0-2 ml.) 
were mixed with 1 ml. of ninhydrin reagent as described by 
Moore & Stein (1948). Colour was developed at 35° and 60 
in constant-temperature baths and at 100° in a boiling- 
water bath. Periodically, tubes were removed and chilled 
in an ice bath and the contents were diluted to 10 ml. with 
aqueous 50% (v/v) propan-1l-ol for colour measurement at 
570 my in a Hilger Spekker photoelectric absorptiometer. 

Reagent blanks were treated similarly and subtracted from 
experimental values. In some later experiments the 
volume of simulated hydrolysis mixture was increased. The 
volume of reagent was increased in proportion and the 
reaction mixture diluted to 10 ml. as above. 


RESULTS 


Only traces of colour were detectable with anserine 
at 35° at the time at which reaction with the 
equivalent amino acid mixture had levelled off 
(Fig. 1). The maximum colour yield with the 
amino acids after 180 min. reaction was 37% of 
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Fig. 1. Reaction of the ninhydrin reagent with anserine 
and an equivalent amount of 1-methylhistidine + p- 


alanine at different temperatures. Reagent (1 ml.) and 
anserine or amino acids (0-2umole in 0-2 ml.) were 
react at 35°, 60° and 100° respectively. 
The mixture was chilled rapidly to 0° and diluted to 
10 ml. for evaluation. At 100°:O,combined amino acids; 
@. anserine. At 60°: A, amino 
A, anserine. At 35°: 
@, anserine. 


allowed to 


combined acids; 


combined amino acids; 
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that of a comparable part of the reaction curve 
(after 17 min.) at 100° and 78% of that at 60 
(after 60 min.). At these times the colour yield of 
equivalent amounts of anserine was 7:3% at 60 
and 27% at 100°. After the standard 20 min. at 
100° used in the Moore & Stein (1948) procedure, 
the proportion had increased to 31%. It appears 
that the rate of reaction between ninhydrin and 
anserine is negligible at 35°, rises slowly to 60° and 
thereafter rises steeply to 100°. 

From these data it follows that the potential 
sensitivity of the ninhydrin method for the 
measurement of hydrolysis is higher at 35° than at 
100°. When the volume of reactants was increased 
eightfold for final dilution to 10ml. the colour 
yield increased linearly at 35° from 0-002 unit at 
0% hydrolysis to 0-163 unit at 10% hydrolysis. 
Under these conditions of concentration, at 100 
the 0% hydrolysis colour value was beyond the 
range of measurement of the instrument. Under 
the standard conditions of reaction for 20 min. at 
100° (with 0-2 umole of anserine or an equivalent 
hydrolysate in 0-2 ml.) the colour yield read against 
reagent ‘blanks’ 0-180 to 0-211 
unit, a smaller rise than that with the higher con- 
centration at 35° and over a less-sensitive region of 


increased from 


the instrument’s scale. 


DISCUSSION 


The colour yield (D) in the complete reaction of a 
partial hydrolysate of anserine with ninhydrin may 
be represented thus, where Beer’s law applies: 
D = k,(1—«)+k,x+kh, x, where x is the fraction of 
anserine hydrolysed and k,, k, and k, are propor- 
tionality factors based on the molar colour yields 
of anserine, f-alanine and 1-methylhistidine re- 
spectively. Under these conditions a plot of colour 
yield against extent of hydrolysis would give a 
straight-line relation with an intercept on the 
ordinate. When the colour yields of the hydrolysate 
are evaluated against equivalent unhydrolysed 
anserine in the measuring instrument, a similar 
plot would give a straight line with a zero intercept 
but an identical slope. 

Reference to Fig. 1 shows that, at the points 
where the colour yields due to the amino acids 
level off, the difference from 
0-2 umole of anserine and the equivalent combined 


between yields 
values from f-alanine and 1l-methylhistidine was 
0-410 unit at 100°, 0-254 unit at 60° and 0-202 unit 
Under the standard 20 min. at 100° (Moore 
& Stein, 1948) the difference had diminished to 
0-395 unit. The reaction 
ninhydrin at these times was so far from complete 


at 35°. 


between anserine and 
that the reaction—time curves can, without serious 
error, be regarded as linear. Consequently, as the 
rate of reaction under these conditions is directly 
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proportional to anserine concentration, the equa- 
tion above still applies (with a different k, value), 
and the differences between colour yields will give 
the slopes of straight lines representing the re- 
lationship of colour yield to the extent of hydro- 
lysis. 

In practice it is found that reaction at 100° with 
0-2 umole of anserine or an equivalent hydrolysate 
is satisfactory when the extent of hydrolysis is 
than 30%. Below 10% _ hydrolysis, 
accurate assessment is difficult and the limitations 
of the standard Schwartz & Engel (1950) procedure, 
as applied to anserinase assay, become apparent. 
The concentrations of reactants cannot be in- 
creased appreciably as the k,(1—a) component of 
the equation above would exceed the level beyond 
which Beer’s law does not apply, and increases in 


greater 


colour yield are small compared with the remaining 
anserine. 

With standard reaction mixtures (0-2 umole of 
dipeptide or an equivalent hydrolysate), the sensi- 
tivity of the ninhydrin—amino acid reaction at 35° 
is about half that at 100°, but interference from 
anserine is reduced to negligible proportions. By 
keeping the proportion of enzyme reaction mixture 
to ninhydrin reagent constant, the volume of 
hydrolysis mixture has been increased from 0-2 to 
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1-6 ml. for reaction with 8 ml. of reagent at 35° and 
dilution to 10 ml. This increased the sensitivity 
some 400 % as compared with that of the standard 
100° procedure. By the use of cells with longer 
path-lengths, the sensitivity may be 
further. 


increased 


SUMMARY 


1. Anserine reacts negligibly slowly with nin- 
hydrin reagent at 35°, whereas its component 1- 
methylhistidine and f-alanine are reactive. 

2. This provides a basis for an improved colori- 


metric procedure for measuring low levels of 


hydrolysis of anserine. 
This work was carried out as part of the programme of 
the Department of Scientific and Industrial Research. 
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The Metabolism of Acetaldehyde in Mammalian Tissues 
REACTIONS IN RAT-LIVER SUSPENSIONS UNDER ANAEROBIC CONDITIONS 
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Department of Forensic Medicine, University of Copenhagen, Denmark 
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Although a large part of the energy metabolism of 
mammals may be covered through the metabolism 
of ethanol, the actual pathway followed when this 
substance is catabolized is only imperfectly known. 
It is generally accepted that the first product of 
ethanol oxidation is acetaldehyde. For the sub- 
sequent reactions of this substance there are, how- 
ever, a number of possibilities among which the 
oxidation to acetate is perhaps the most obvious. 
This oxidation may proceed in different ways. The 
presence in the liver of an aldehyde mutase cata- 
lysing the dismutation of two molecules of alde- 
hyde to one molecule of alcohol and one of the 
corresponding acid was assumed for many years. 
This enzyme system was studied in considerable 
detail by Dixon & Lutwak-Mann (1937). They 
showed that 
necessary as a coenzyme. 


diphosphopyridine nucleotide was 
Adler, Euler & Ginther 





(1938) showed that the mutase contains alcohol 
dehydrogenase, and Reichel & Burkart (1939) 
found that addition of a flavoprotein changed the 
dismutation into an oxidation. (1949) 
prepared a diphosphopyridine nucleotide-requiring 


Racker 


aldehyde dehydrogenase from ox liver and pointed 
out that the mutase activity observed by Dixon & 
Lutwak-Mann might be caused by a combination of 
aldehyde dehydrogenase and alcohol dehydro- 
genase. The presence of a specific mutase beside the 
two dehydrogenases has, however, not been dis- 
proved. 

Apart 


possibilities exist. The reaction with pyruvate, 


from oxidation of acetaldehyde other 
resulting in the formation of acetoin with elimina- 
tion of carbon dioxide, has been demonstrated in 
brain tissue by Stotz, Westerfeld & Berg (1944) 


and Berry & Stotz (1954), and has been studied in 
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liver preparations by Jirnefelt (1955). A specific 
aldolase catalysing the condensation of glycer- 
aldehyde 3-phosphate and acetaldehyde with for- 
mation of deoxyribose 5-phosphate was discovered 
by Racker (1952) both in bacteria (Hscherichia colz) 
and in mammalian tissue (notably liver and thy- 
Gilbert (1957) Karasek & 
Greenberg (1957) have investigated a reversible 


mus). Finally, and 
condensation reaction between acetaldehyde and 
glycine leading to threonine or allothreonine. The 
enzyme was demonstrated in mammalian liver. 
As a physiological route to threonine this reaction 
is presumably of small importance, as feeding 
ethanol and glycine to rats failed to obviate the 
need for threonine (Karasek & Greenberg, 1957). 

In an attempt to ascertain which of the possible 
pathways in acetaldehyde metabolism play a role 
under physiological conditions we have com- 
menced by studying the reactions which take place 
in rat-liver suspensions under conditions where the 
number of potential pathways for acetaldehyde are 
the oxygen. 


A preliminary communication of some of this work 


limited by absence of molecular 
has appeared (Rasmussen, Fugmann & Lundquist, 


1958). 
EXPERIMENTAL 


consisted essentially of 


The 


quantitative analyses by sensitive enzymic methods for a 


experimental technique 


number of substances present in samples removed at 
definite intervals from a tissue suspension to which 
acetaldehyde had been added. 

Tissue preparations. White rats, 3-6 months old, which 
had been fasted for 20 hr. were decapitated and bled. The 
liver was removed immediately and chilled on ice. The 
tissue was weighed and a suspension prepared by disinte- 
gration in a 60 ml. Potter-Elvehjem homogenizer at 0° for 
about 1 min. with 10 vol. of a solution containing KCl 
(009m), KH,PO, (0-014m) and Na,HPO, (0-041 ™). 
Nicotinamide (0-02m final concen.) was added to the salt 
solution before use to inhibit diphosphopyridine nucleo- 
tidase activity. The disintegration may be performed in a 
smaller volume and the rest of the buffer solution added 
after homogenization. The suspension was filtered through 
gauze to remove shreds of connective tissue and kept at 0 


until use. Fasted rats were used to ensure low levels of 


glycogen, which otherwise prevents the preparation of 


clear deproteinized extracts suitable for optical tests. 
Diphosphopyridine nucleotide (DPN) was added in most 
experiments at a concentration of 200-300 uM. 


Apparatus 


The glass vessel shown in Fig. 1 was used in most experi- 
ments. It consists of a cylindrical container (A) with two 
necks furnished with B 10 standard ground-glass sockets 


and a side arm with a stopcock (B). In one socket is 


placed a tube (d) with a stopcock (C) provided with double 
oblique bore: connected to a 0-5 ml. pipette (a) and a tube 
(b) with side arm. The tapered ends of the pipettesand of 
tube b are joined with a thin plastic tube (not shown in the 
figure). The other socket is connected through a three-way 
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T-type of stopcock (D) and a B7 standard ground-glass 
joint to a 5 ml. glass syringe (#) and a tube (c). The syringe 
is furnished with a stop at 3-0 ml. and with steel springs 
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which ensure rapid emptying. The whole apparatus is 
fixed on a Perspex frame and can be shaken mechanically 
at a frequency of 100 times/min. in a water bath generally 
maintained at 21°. The syringe is situated outside the water 
bath. 

Use of apparatus. All stopcocks and joints were greased 
with silicone lubricant. Container A was rinsed with 10 
15 ml. of tissue suspension, which was removed through the 
syringe and tube c. Tissue suspension (up to 60 ml.) was 
now measured into A, cock B opened and the mechanical 
shaking started. Nitrogen was passed in through the side 
arm of 6 and out through B at a rate of 200 ml./min. The 
nitrogen was passed from the cylinder through a pressure 
regulator with escape valve and an efficient wash bottle 
containing an oxygen-absorbing solution (20 ml. of 25% 
pyrogallol + 100 ml. of 60% KOH +about 100 mg. of B- 
anthraquinone sulphonate) before it reached the experi- 
vessel. After 7 min., DPN solution, sometimes 
together with other substances, 
through the neck holding the pipette. The joint was lifted 
only sufficiently to allow the insertion of the tip of the 
Carlsberg constriction pipette used (Levy, 1936; Bessey, 
Lowry & Brock, 1946). The stream of nitrogen was con- 
tinued for 7 min., cock B closed and two blank samples of 
suspension were withdrawn by means of the syringe 
pipette H. The syringe was first flushed with 1-5-2-0 ml. of 
suspension to wash out the dead space of the outlet tubes 


mental 
was added carefully 


and the syringe before the samples were taken. The 


5cm 


—— 






<— Gas inlet 











Fig. 1. 
suspension under anaerobic conditions. The apparatus is 
fixed on a Perspex frame and can be shaken mechanic- 
ally. Removal of samples through the glass syringe E and 
tube c takes 2-4 sec. For further explanation see text. 


Apparatus for quick removal of samples of tissue 
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syringe was then filled (3 ml.) with cock D connected 
to A. Then the cock was turned and the contents of the 
syringe were quickly delivered through the outlet c into a 


glass-stoppered 7 ml. centrifuge tube containing 3 ml. of 


ice-cold metaphosphoric acid (see Analytical methods). 
Removal and deproteinization of the sample took 2—4 sec. 
The blank samples were employed for blank and standard 
analyses of acetate, ethanol and acetaldehyde. 

Cock B was opened and the experiment started by addi- 
tion of acetaldehyde from the pipette a by turning cock C 
180° from the position shown in Fig. 1. In standard 
experiments 0-5 ml. of 0-02M-acetaldehyde solution was 
used. After the addition cock C was turned back again and 
cock B closed. The pipette was filled with aldehyde solu- 
tion before the apparatus was assembled. The filling was 
performed by attaching a rubber bulb to a and sucking the 
aldehyde solution into the pipette through tube d. Cock C 
was turned 180° so that tube d was emptied of aldehyde 
solution before the pipette was connected to the vessel. 
The tube was flushed with water to remove the aldehyde 
solution completely. 

The first experimental sample was usually taken 30 sec. 
after the start. The dead space of the outlet channel was 
flushed with 1-5-2-0 ml. of suspension immediately before 
each sampling. Before the first sample flushing was per- 
formed twice. The timing of the samples depended on the 
rate of the processes studied. One 3 ml. sample of tissue 
suspension was sufficient for determination of ethanol, 
acetate, and acetaldehyde. In experiments where acetate 
and other analyses were included together with aldehyde 
and ethanol it was necessary to take two consecutive 
samples in order to have sufficient material. For determi- 
nation of DPN and reduced diphosphopyridine nucleotide 
(DPNH), tissue suspension was collected in tubes filled 
with nitrogen (see Analytical methods). 


Analytical methods 


Protein-free extracto. For enzymic determination of 
acetaldehyde, ethanol, acetate, pyruvate, lactate and «- 
oxoglutarate deproteinization with metaphosphoric acid 
was used. Metaphosphoric acid (12 g.) in sticks was dis- 
solved in 100ml. of water with vigorous mechanical 
stirring. As this solution hydrolyses rapidly it was kept at 
0° and was not used when more than about 4 days old. The 
metaphosphoric acid-treated samples were centrifuged at 0 
for 20 min. (1800 rev./min.). 

For acetate analyses the supernatant (2 ml.) was used 
directly. For determination of aldehyde and ethanol the 
supernatant was transferred by 1500 pl. 
Carlsberg constriction pipette to tubes (diam. 15 mm.) 
which were covered with a piece of Parafilm (Marathon 
Corp., Menasha, Wis., U.S.A.). The clear solution was 
neutralized with 0-5 vol. of KOH standardized to give 
pH 8-1 when added in this amount to the solution. The 
standardization and appropriate dilution of the stock KOH 
solution (approx. 2N) were performed in connexion with 
each experiment, as the metaphosphoric acid solution 
changes its titre from day to day. The acid solutions may be 
kept at 0° for 1-2 days before analysis, whereas neutralized 


means of a 


solutions should preferably be analysed on the same day. 

For determination of DPN and DPNH, extracts were 
made by boiling the homogenate without any additions. 
Long test tubes (200 mm. x 14 mm.) were filled with nitrogen 
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and quickly covered tightly with a piece of Parafilm. 
The tip of the outlet tube (c) from the experimental vessel 
was allowed to pierce the Parafilm and the 3 ml. sample 
was placed with occasional shaking in boiling water for 
1 min. and then cooled in ice. The coagulated samples were 
centrifuged at 0° for 15 min. at 15 000 rev./min. 

Acetaldehyde. The enzymic method, employing aldehyde 
dehydrogenase from yeast (Lundquist, 1958), was used. 
Neutralized extract (2 ml.) was measured into the 1 em. 
cuvette of a spectrophotometer (Hilger Uvispek) followed 
by 1 ml. of the following mixture, which was prepared from 
the various solutions shortly before use: M-2-amino-2- 
hydroxymethylpropane-1:3-diol (tris)-HCl buffer, pH 8-1 
(6 vol.); 3m-KCl (2 vol.); m-ethylenediaminetetra-acetate 
(EDTA, potassium salt) (1 vol.); 0-1M-1-mercaptoethanol 
(1 vol.); 0-015mM-DPN (1 vol.); water (9 vol.). 

After stirring, the extinction was measured at 340 my, 
25 yl. of enzyme (at least 125 units) added and the ex- 
tinction measured again after 10min. An aldehyde 
standard was prepared by addition of 25yl. of 0-02M- 
acetaldehyde soln. to 3 ml. of liver suspension +3 ml. of 
metaphosphoric acid. The standard and the blank (sus- 
pension before addition of acetaldehyde) were treated 
exactly as the other samples. 

Ethanol. Ethanol was determined essentially by means 
of modification 3 of Lundquist & Wolthers (1958). Neutral- 
ized extract (2 ml.) was mixed with buffer-DPN solution 
(1 ml.). The buffer solution was prepared as follows. 
Glycine (30 g.), EDTA (0-6 g.) and semicarbazide hydro- 
chloride (ethanol-free; 5g.) were dissolved in 200 ml. of 
water and 2n-NaOH (50 ml.) was added (pH about 8-8). 
This solution is stable for several weeks in the refrigerator. 
Just before use 0-05 vol. of 0-015mM-DPN was added. The 
extinction at 340 my of the mixture of neutralized filtrate 
and buffer-DPN was measured, yeast alcohol dehydro- 
genase (0-3 mg. in 25yl.) was added and the extinction 
measured after 60-75 min. at room temperature. The 
enzyme solution was made from the crystal suspension by 
dilution with 1-5 vol. of water. Standard analyses were 
performed on a blank sample of liver suspension not con- 
taining acetaldehyde; 0-02m-ethanol soln. (25yl.) was 
added to 3 ml. of homogenate after addition of metaphos- 
phoric acid. The standard was treated as the other samples. 

Acetate. An enzymic method for determination of 
acetate was devised for this purpose (Fugmann, Lundquist 
& Rasmussen, 1958). The method involves two steps. The 
first is a diffusion in Conway units from the metaphosphoric 
acid extract (2 ml.) into a small volume of NaOH solution. 
The second step is similar to the method outlined by 
Soodak & Lipmann (1948) and Soodak (1957) and involves 
the acetylation of sulphanilamide by means of a pigeon- 
liver enzyme preparation. 

Pyruvate and lactate. These substances were measured by 
means of crystalline lactic dehydrogenase from muscle. 
For pyruvate analyses 2 ml. of neutralized filtrate +1 ml. 
of 0-1m-phosphate buffer (pH 7-4) was employed. The 
initial DPNH concentration was about 0-1 mm. The change 
in extinction at 340 my which takes place after addition of 
enzyme (60 ug. in 25 yl.) was measured after 2 min. 

For lactate determinations 2 ml. of neutralized extract 
was mixed with 1 ml. of a solution containing K,CO, 
(about 1-2m) and semicarbazide (0-9m). The pH was 
adjusted to 10-3 through addition of solid K,CO,. Im- 
mediately before use DPN (4 mg./ml.) was added to the 
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solution. The increase in extinction in 1 hr. after addition of 
lactic dehydrogenase (25 ng.) was measured at 340 my. 
a-Oxoglutarate. This substance was determined essentially 
as pyruvate. The same buffer and DPNH concentrations 
were used. Glutamic dehydrogenase (5yl.) and_half- 
saturated (NH,).SO, soln. (45yl.) were added and the 
decrease in extinction at 340 my was measured after 4 min. 
DPN and DPNH. The of Glock & McLean 
(1955a) was used in some experiments. It has the ad- 


method 


vantage of sensitivity but requires large amounts of DPNH 
cytochrome c reductase, which is very time-consuming to 
prepare, and of cytochrome c, which is expensive. In 
experiments where DPN was added other and simpler 
methods could be used. The difficulty encountered in these 
analyses was to prevent reoxidation of reduced DPN in the 
interval between withdrawal of samples from the experi- 
mental vessel and complete destruction of the enzymes in- 
volved in DPNH oxidation. A number of methods were tried 
and finally the following procedure, which is partly based 
on the method of Spirtes & Eichel (1954), was found to give 
reproducible results and good recovery of added DPNH. 
The samples were removed and coagulated by heating as 
already described. DPN and DPNH were both determined 
by means of alcohol dehydrogenase. For DPN determina- 
tion 1 ml. of the extract was mixed with water (875 yl.), 
ethanol (100y1.) and 1 ml. of a buffer solution identical 
with the glycine- semicarbazide buffer used for the ethanol 
determination. The extinction at 340 mu was measured, 
alcohol dehydrogenase (0-3 mg. in 25yl.) added and the 
extinction measured again after 30 min. The increase is a 
measure of the DPN concentration. For DPNH determi- 
nation 1 ml. of extract was mixed with water (875,l.), 
2m-acetaldehyde (100 ul.) and 1 ml. of buffer of the follow- 
ing 0-I1m-phosphate buffer, pH 7-4 
(500 ml.), was added M-EDTA (potassium salt; 25 ml.) and 
(25 ml.). The 
dehydrogenase solution 


composition: to 


0-1 M-1-mercaptocthanol extinction was 


measured at 340 my, alcohol 
(0-3 mg. in 25,1.) was stirred in and the decrease in ex- 
tinction determined after 30 min. The concentrations were 
calculated from a molar extinction for DPNH of 6-22 x 10°. 

Materials. DPN and DPNH were obtained from Boeh- 
ringer und Mannheim (DPN-reinst, DPNH- 


reinst). Crystalline alcohol dehydrogenase from yeast was 


Sohne, 


either prepared according to Racker (1950) or purchased 
from Boehringer und Séhne. Crystalline lactic dehydro- 
genase (from muscle), glutamic dehydrogenase (from liver) 
and cytochrome c were likewise obtained from Boehringer 
Adenosine triphosphate (cryst. sodium salt), 
obtained 


und Séhne. 


and «-oxoglutarate were from 


Sigma Chemical Co., oxaloacetate from Fluka (Buchs, St 
Gallen, Switzerland) and other chemicals were analytical- 


coenzyme A 


grade products. 

Acetaldehyde was redistilled and diluted with water to 
approximately 2m. This solution keeps for at least half a 
year at 4°. The concentration was occasionally checked by 
titration. A pyruvic acid stock solution (mM) was prepared 
from pyruvic acid freshly distilled in vacuo. All solutions 
were made up in water passed through a column of Dowex 
50 ion-exchange resin in the hydrogen form. 


RESULTS 


A typical experiment is shown in Fig. 2. The acet- 
aldehyde concentration decreases nearly linearly to 
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very low values. The slope of the curve generally 
decreases perceptibly at an aldehyde concentration 
of about 20 um, but the shape of the curve below this 
concentration is not accurately known owing to 
analytical difficulties. The ethanol concentration 
increases from nearly zero and reaches a maximum 
when all aldehyde has disappeared. In experiments 
of longer duration a very slow decrease of the 
ethanol concentration after this point has been 
observed regularly (see Discussion). 

The aldehyde disappearance minus the ethanol 
formation is called the ‘aldehyde activity’, and 
simply signifies the rate at which aldehyde is 
removed along pathways other than reduction to 
ethanol. Acetate determinations show that the 
whole of the ‘aldehyde activity’ is due to oxidation 
to acetate, as the sum of ethanol, acetaldehyde and 
acetate remains constant throughout the experi- 
ment (Fig. 2). In other words condensation re- 
actions play measurable part under these 
experimental circumstances. The enzyme system 
which causes these rapid changes is very stable. 
Two experiments performed on the same liver pre- 
paration with an interval of 1-5 hr., during which 
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Fig. 2. Standard experiment. Concentration of meta- 


O, Acetaldehyde; y, 
ethanol; 7, aldehyde + ethanol; @, sum of acetaldehyde, 
ethanol and acetate. Initial concentration of DPN was 
about 200 um. Temp. 21°. 
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the preparation had been kept at 0°, gave nearly 
identical results. This stability makes it feasible to 
perform many consecutive experiments with the 
same liver suspension prepared from several (up to 
10) rat livers. The acetate formation observed 
could be caused either through the activity of 
‘aldehyde mutase’ or through Racker’s (1949) 
aldehyde dehydrogenase. If the latter enzyme is 
responsible it should be possible to dissociate 
ethanol formation from acetate formation. If no 
mutase is present the following reactions are 
believed to account for the aldehyde disappearance: 


Acetaldehyde + DPN* > Acetate + DPNH + H* 
(1) 
Acetaldehyde + DPNH + H* = Ethanol+ DPN* 
(2) 
2 Acetaldehyde — Acetate + ethanol 


If the concentration of DPNH, which together 
with the acetaldehyde determines the extent of 
reaction 2, is kept at low level through another 
enzymic reaction which oxidizes DPNH, it should 
be possible to limit the formation of ethanol con- 
siderably. Among the enzyme systems in liver 
tissue which might be utilized for this purpose we 
have considered lactic dehydrogenase, malic de- 
hydrogenase and glutamic dehydrogenase. 


300 
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Fig. 3. Acetaldehyde disappearance and ethanol forma- 
tion in rat-liver suspension in the presence of pyruvate. 
Initial pyruvate concentration 500um. O, Acetalde- 
hyde; A, ethanol; @, acetaldehyde +ethanol. Temp. 
21°. 
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Suppression of ethanol formation. When pyruvate 
is added to liver suspension at a concentration of 
0-5 mM the results are as shown in Fig. 3. The rate 
of ethanol formation is decreased nearly to zero at 
the beginning of the experiment and increases as 
the pyruvate is used up. Fig. 4 shows an experi- 
ment in which a smaller amount of pyruvate was 
added. It is evident that the ethanol formation 
increases when most of the pyruvate has been 
reduced to lactate. Determination of acetate as 
well as lactate and pyruvate clearly demonstrates 
that acetoin is not formed, as all the pyruvate is 
transformed into lactate and the whole ‘aldehyde 
activity’ is accounted for through acetate forma- 
tion. In 14 experiments where pyruvate was added 
at a concentration of 500 um the average ethanol 
formation was 0-06 umole/g. of fresh tissue (S.E.M. 
0-01). 

Similar experiments with addition of oxalo- 
acetate and «-oxoglutarate (Table 1) show the same 
phenomenon. These results suggest that the 
‘aldehyde activity’ is caused exclusively by alde- 
hyde dehydrogenase. 

This conclusion is supported by experiments in 
which aldehyde dehydrogenase prepared from ox 
liver according to Racker (1949) was added to rat- 
liver suspensions. The results are shown in Table 2. 
The activity of the enzyme added as determined in 
optical tests was recovered as ‘aldehyde activity’ 
in homogenate experiments. 

Influence of DPN and acetaldehyde concentration 
on ‘aldehyde activity’. The ‘aldehyde activity’ is 
dependent on the initial concentration of DPN in 
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Fig. 4. Disappearance of acetaldehyde and formation of 
ethanol in rat-liver suspension in the presence of a small 
amount of pyruvate. @, Ethanol; +, 
© (upper curve), acetaldehyde +ethanol; O 
curve), pyruvate; lactate; w, lactate + pyruvate. 
Temp. 21°. 
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Table 1. Influence of pyruvate, «-oxoglutarate and oxaloacetate on the formation of ethanol from acetaldehyde 


The keto acids were added together with the acetaldehyde at the start of the experiment. Rates are expressed as 
10? («moles/min./g. of fresh liver). Concentrations given for DPN and DPNH are initial values. Temperature, 21°. 


Ethanol ‘Aldehyde Keto acid DPN 

Additions formation activity’ disappearance (uM) 

None 40 22-30 _— 150 

Pyruvate (400 um) 4 26 42 170 

a-Oxoglutarate (600 um) + 26 28 37 161 
NH,Cl (400 pm) 

Oxaloacetate* (600 um) 6 41 _ 137 


DPNH 
(uM) 
19 
17 
14 


13 


* In this experiment acetaldehyde was determined by means of yeast alcohol dehydrogenase, as the presence of a small 


amount of malic dehydrogenase in the yeast aldehyde dehydrogenase interfered with the analysis. 





added to rat-liver suspensions 


The aldehyde dehydrogenase was prepared according to Racker (1949) and dialysed against KCl—phosphate buffer as 
used for the liver suspension. The enzyme activity was measured by the optical test in the same buffer and with the same 


Table 2. Recovery as ‘aldehyde activity’ of purified liver aldehyde dehydrogenase I 


concentration of DPN (200 um) as employed in the homogenate experiments. The activity is expressed as DPNH formed in 
pmoles/min./l. of final tissue suspension. The experimental vessel contained 45 ml. of liver preparation in all experiments. 


Temperature 21°. 


Additions to the 

liver suspension 
None 
Pyruvate (500 um) 
KCl-phosphate buffer (15 ml.) 
Aldehyde dehydrogenase (15 ml.), 


corresponding to an activity of 
31 pmoles/min./1. 

KCl-phosphate buffer (15 ml.) + 
pyruvate (500 um) 

Aldehyde dehydrogenase (15 ml.), 
corresponding to 31 zmoles/min./l. + 
pyruvate (500 um) 
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Fig. 5. Influence of concentration of DPN on the ‘alde- 
hyde activity’. 


the tissue suspension. A number of parallel experi- 
ments were performed where the same tissue pre- 
paration was employed at different concentrations 
of DPN. Fig. 5 shows an experiment of this kind. 
A maximum velocity was approached as the DPN 
concentration reached 200yum. A Michaelis con- 


‘ Aldehyde Ethanol 
activity’ formation 
(umoles/min./1.) (moles/min./1.) 
30 38 
31 5 
21 38 
54 34 
22 3 
52 0 


stant for the DPN-dependence of 76, 82 and 100 um } 


Increase in } 
‘aldehyde 
activity’ 
a \ 


33 


30 © | 


was obtained from three experiments of this type. | 
Two similar experiments, but with addition of 
pyruvate (0-5mm), gave K,, values within the 
same range. The K,, for DPN with ox-liver alde- 
hyde dehydrogenase was found by Graham (1951) 
to be 64 um at pH 9-3. Thorsteinnson (unpublished) 
found a value of 43 Mm at the same pH. Our results | 
therefore are in agreement with the assumption 
that the ‘aldehyde activity’ is caused by aldehyde | 
dehydrogenase, provided that the K,, is inde- 
pendent of pH. Experiments performed without 
addition of DPN gave aldehyde activities of about 
one-third of those of the standard experiments. 
The initial DPN concentration in these cases was | 
about 30pm (range 26-37ymM). No measurable 
difference in aldehyde activity was observed when 
the initial acetaldehyde concentration was varied in 
the range 0-1—0-6 mm. 
Changes in the concentration of DPN and DPNH 
during acetaldehyde metabolism. In a number of 
experiments the changes of the DPN and DPNH 
during aldehyde disappearance 


concentrations 
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were measured. Fig. 6 shows a typical experiment. 
When the tissue suspension has been made an- 
aerobic by a stream of nitrogen for 10 min. the 
DPNH regularly constitutes 10-20% of the total 
coenzyme. On addition of aldehyde the concen- 
tration of DPNH falls to about half this value and 
then rises slowly as the aldehyde is used up. At the 
end of the experiment the DPNH concentration is 
very similar to that measured before addition of 
aldehyde. The sum of DPN and DPNH is seen to 
decrease steadily throughout the experiment in 
spite of the considerable concentration of nico- 
tinamide present. When pyruvate was present in 
the liver suspension the DPNH concentration 
rapidly fell below the level which could be deter- 
mined by our methods. 

In experiments where DPNH was added initially 
the level of reduced coenzyme at the moment when 
aldehyde was added amounted to 55-65% of the 
total diphosphopyridine nucleotide concentration. 
The concentration dropped in less than 30 sec. to 
the level of about 10% observed when DPN was 
added initially. This drop is accompanied by the 
formation of a corresponding amount of ethanol 
from acetaldehyde. During the following period, 
where the aldehyde concentration decreases 
linearly, a slow rise in DPNH concentration is 
regularly observed (see Discussion). 

Temperature-dependence of the ‘aldehyde activity’. 
Fig. 7 shows an Arrhenius diagram from which an 
activation energy of 11-5 kcal./mole can be calcu- 
lated. As all our standard experiments were per- 


Concn. (“™) 





0 1 2 3 4 5 


Time (min.) 


Fig. 6. Changes in DPN and DPNH concentrations 
during anaerobic acetaldehyde metabolism in a rat- 
liver suspension. Curve 1, DPNH; curve 2, DPN; 
curve 3, DPN+DPNH. The initial concentration of 
acetaldehyde was 280m. At 4 min. this had decreased 
below 15um and the concentration of ethanol had 
reached 160 um. Temp. 21°. 
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formed at 21° the results may be converted for 37° 
simply by multiplication by 2-75. 

Magnitude of hydrogenations and dehydrogena- 
tions. In 28 experiments performed at 21° where 
the initial DPN concentration was about 200 um 
and the initial acetaldehyde concentration was 
about 300yumM the mean value+s.E.m. for the 
‘aldehyde activity’ was 0-23 + 0-02 pmole/min./g. 
of fresh tissue, and the ethanol formation was 
0-36 + 0-01 pmole/min./g. of fresh tissue. The 
results are expressed on the basis of fresh liver 
weight as this was found to give more uniform 
results than the use of total protein (quantitative 
biuret reaction). 

It is seen that ethanol formation on the average 
is considerably higher than the aldehyde activity. 
In other words we do not always find a simple dis- 
mutation. There must be some reaction other than 
the aldehyde dehydrogenation which furnishes 
DPNH for reduction of acetaldehyde to ethanol. 

The extent of this reaction can readily be 
calculated from the experimental data. At the end 
of the experiment the ethanol formed minus the 
aldehyde activity is a measure of this secondary 
reaction provided that the final DPNH concentra- 
tion is identical with the initial DPNH concentra- 
tion. If the DPNH concentration is higher at the 
end of the experiment than at the beginning the 
increase should be added to the difference ethanol 
formation minus ‘aldehyde activity’ to obtain the 
extent of the secondary reaction. Where DPN and 
DPNH concentrations were measured throughout 
the experiment a curve may be constructed in this 
way which shows the time course of the secondary 
reactions. The velocity of these secondary reactions 
is in general not constant throughout the experi- 
ment, but proceeds faster at the beginning. In 


2:0 


1 


10 


log ‘Aldehyde activity’ 


7a. 33 2 Se 26 S3T 
10°/T 
Fig. 7. Temperature-dependence of the ‘aldehyde acti- 
vity’. Initial concentration of DPN 200 um. Concentra- 
tion of nicotinamide 0-02. 7' indicates temp. (° K.). 
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some cases, however, a straight line is obtained. In 
experiments with excess of pyruvate the DPNH 
concentration will be so low that variations in the 
concentration no influence stoicheio- 
metrically on the reaction. Here we have simply 
that the sum of the DPN-reducing reactions must 
equal the sum of the DPNH-oxidizing reactions. 
In other words aldehyde dehydrogenase activity 
(acetate formation) + secondary enzyme activity = 
alcohol dehydrogenase activity (ethanol formation) 
dehydrogenase activity (pyruvate dis- 


will have 


+ lactic 
appearance). 

The velocity of the secondary enzyme reactions 
measured in this way was found to be constant 
throughout the experiment. The average value for 
16 experiments was 0-25 umole/min./g. of liver + 
0-01 (s.E.m.). In two of these experiments it was 
possible to compare the magnitude of secondary 
DPN-reducing reactions with and without addition 
of pyruvate to the same tissue suspension. It 
appears (Table 3) that the presence of relatively 
high concentrations of pyruvate has little effect on 
the secondary DPN-reducing reactions. In experi- 
ments where the DPN concentration was changed 
it was possible to obtain an impression of the K,, 
value for DPN of the reaction(s) in question. In 
two experiments values of 30-50 uM were found. It 
seems likely that one of the reactions responsible 
for the secondary DPN reduction is glyceraldehyde 
phosphate dehydrogenase. The Michaelis constant 
for this enzyme (from rabbit muscle) is of the same 
order of magnitude, about 40pm (Cori, Slein & 
Cori, 1948). 

Acceleration of aldehyde disappearance by pyru- 
vate. Pyruvate has been used in many experiments 
to reduce the level of DPNH and consequently the 
ethanol formation. When DPN was added at a con- 
centration of about 200yum the aldehyde activity 
was in general increased considerably on addition of 
pyruvate. In 17 standard experiments at 21° the 
mean value of the ‘aldehyde activity’ +S.E.M. was 
0-193 + 0-01 pmole/min./g. of fresh liver. On 
addition of pyruvate at a concentration of 500 um 
the mean value with the same tissue suspensions 
was 0-295+0-01. The average increase caused by 


Table 3. 


AND OTHERS 1959 


the pyruvate was 0-102 +0-013 pmole/min./g. of 
fresh liver. 

This increase was not due to condensation re- 
actions (acetoin formation), as all aldehyde which 
disappeared was accounted for as acetate and ethanol, 
and moreover the sum of lactate and pyruvate was 
constant throughout the experiment (see Fig. 4). 

The activity of aldehyde dehydrogenase from ox 
liver was independent of the DPNH concentration 
up to concentrations much higher than those en- 
countered in the tissue suspensions (Fig. 8). 
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oO 
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Time (min.) 

Fig. 8. Reduction of DPN by aldehyde dehydrogenase 
from ox liver. The initial concentration of DPN was 
about 200um. The enzyme was dialysed against the 
KCl-phosphate buffer used in experiments with liver 


suspensions. The DPNH concentration was followed | 


spectrophotometrically at 340 my. Temp. 21°. 


Net velocity of diphosphopyridine nucleotide-reducing reactions (other than 


aldehyde dehydrogenation) in liver suspensions 


The secondary reactions were measured both with and without addition of pyruvate. The total diphosphopyridine 


nucleotide concentration was about 


220 um and the temperature 21 


in all experiments. In the experiments without 


pyruvate the secondary reactions were determined as the difference between ethanol formation and ‘aldehyde activity’ 
corrected for changes in the DPNH concentration. All results are given as 10? (umoles/min./g. of fresh liver). 


‘ Aldehyde 


Additions activity’ 
None 21 
Pyruvate (500 um) 23 
None 17 
Pyruvate (500 um) 27 


Ethanol Secondary Pyruvate 
formation reactions disappearance 
40 29 — 
4 35 54 
42 26 _ 
5 32 54 
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DISCUSSION 


Under the conditions chosen in this study it is 
apparent that condensation reactions like those 
mentioned in the introduction play no measurable 
part in the removal of acetaldehyde. The aldehyde 
concentrations used by us are low in comparison 
with those employed in the studies of Stotz et al. 
(1944), Jarnefelt (1955), Karasek & 
(1957), Gilbert (1957) and Racker (1952). This fact 


could easily account for the failure to observe any 


Greenberg 


cf the reactions described by these authors, as the 
respective enzymes apparently all have rather 
large Michaelis constants with respect to acetalde- 
hyde. As the acetaldehyde concentrations observed 
in living mammalian organisms during ethanol 
metabolism (Wagner, 1957; Lundquist & Wolthers, 
1958) are still lower than those employed in the 
present experiments in vitro, we may safely assume 
that in the normal human organism the various 
condensation reactions of acetaldehyde are of no 
quantitative importance for the removal of this 
substance during metabolism of ethanol. This, of 
course, does not exclude the possibility that these 
reactions may take place to a small extent. Lubin 
& Westerfeld (1945) and Westerfeld (1949) found 
no support for the belief that 
during acetaldehyde metabolism is of any quanti- 


acetoin formation 


tative significance. 

The concentration in tissue suspensions of DPN, 
should be chosen to approximate most 
closely the conditions in the intact tissue, is difficult 
to decide. Glock & McLean (1955b), Jacobson & 


Kaplan (1957) and others have found the total con- 


which 


centration of diphosphopyridine nucleotides in rat 
liver to be 500-600 yg./g. of fresh tissue. A very 
sizeable part of this is undoubtedly bound to 
proteins. In order to imitate in tissue suspensions 
the conditions in the intact tissue it is necessary to 
have the DPN concentration equal to the concen- 
tration of free coenzyme in the fresh liver, which is 
not known with certainty. The value chosen by us 
(about 200 uM) is probably not far from the actual 
concentration of free coenzyme in liver tissue, and 
the aldehyde activity did not increase appreciably 
when the. DPN concentration was raised above this. 

The changes which take place in the ratio of 
DPN to DPNH with decreasing aldehyde concen- 
tration are in agreement with the fact that alcohol 
dehydrogenase has a lower affinity for aldehyde 
(K,, 110ym: Theorell, Nygaard & 
1955) than has aldehyde dehydrogenase (K,, pre- 
sumably less than 10 um, Racker, 1949; see below). 
The rate of aldehyde dehydrogenation relative to 
aldehyde reduction to ethanol will increase as the 
aldehyde concentration decreases, and as a con- 
sequence the DPNH concentration will increase. 
The rate of ethanol formation the 


Bonnichsen, 


observed in 


27 
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beginning of those experiments where DPNH was 
added is very high in comparison with the aldehyde 
activity and is indeed compatible with the kinetic 
constants observed for crystalline liver alcohol 
Theorell et al. (1955). As 


alcohol dehydrogenase therefore is present in our 


dehydrogenase by 
preparations in excess, the aldehyde activity is 
determined by the amount of aldehyde dehydro- 
genase, as is also clearly evident from experiments 
in which purified liver aldehyde dehydrogenase 
was added (Table 2). 
ethanol 
mean that the 


In these experiments the 
formation was not increased. This may 
DPNH pre- 
sumably determines the rate of ethanol formation, 
is controlled to a large extent by other reactions in 
which DPNH is formed (see Table 3). 

During the major part of the reaction the possi- 
bility might be considered that the concentration 
of ethanol, acetaldehyde, DPN and DPNH approxi- 
mate to an equilibrium as suggested by Holzer, 
Schultz & Lynen (1956) for yeast cells. Such a 
proposition is, however, not tenable in this case, as 


concentration, which 


may be seen from a simple calculation. The ratio 
DPN/DPNH does not change very much during 
the experimental period, whereas the ratio alde- 
hyde/ethanol changes by a factor of more than 100. 
As the pH is constant the equilibrium conditions 
cannot be fulfilled. In all experiments where 
samples were removed for some time after all 
aldehyde had disappeared, it was noted that the 
ethanol concentration reached a maximum 
the point where no measurable aldehyde was left. 
The after the 
(about 4uM/min.). The ethanol concentration is 


near 


decrease maximum is very slow 


determined by the two processes catalysed by 
alcohol dehydrogenase : 


1 
Ethanol + DPN* = Acetaldehyde + DPNH+H". 
9 


At the maximum point of the ethanol curve the 
two processes must proceed at the same rate, in 
other words here an equilibrium is established 
between acetaldehyde, ethanol, DPN and DPNH. 
From the known values of the concentration of 
H* ions, DPN, DPNH and the equilibrium constant 
determined by Racker (1950), the ratio of acet- 
aldehyde concentration to ethanol concentration at 
the maximum point is calculated to about 2 x 107°. 
A value of 200 um for the ethanol concentration is 
frequently observed. This should give an acet- 
aldehyde concentration of 0-4 um. At this low con- 
centration the aldehyde dehydrogenation must 
proceed very slowly and will determine the decrease 
in ethanol concentration after the maximum. From 
the ethanol it should therefore be 
possible to determine the K,, for aldehyde de- 


decrease in 


m 


hydrogenase, as the maximum velocity of the 
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reaction (‘aldehyde activity’) is known. A value of 
0-2—0-5 uM is suggested by our measurements, but 
experiments designed to determine this constant 
have not been performed so far. 

The ratio DPNH/DPN observed under anaerobic 
aldehyde metabolism and still more in the experi- 
ments where pyruvate was added is very low com- 
pared with the measurements of diphospho- 
pyridine nucleotides in fresh liver, where the value 
of this ratio of about 0-3 has been reported (Glock 
& McLean, 1955b). In the untreated tissue a very 
large proportion of the reduced coenzyme is, how- 
ever, bound to proteins, so the ratio of the free 
DPNH to free DPN may be much lower than that 
measured for total coenzyme. Thus Holzer e¢ al. 
(1956) estimate the ratio of free DPNH/DPN in 
anaerobic yeast cells to 1/400, whereas the direct 
measurement of total DPNH/DPN (Holzer, Gold- 
schmidt, Lamprecht & Helmreich, 1954) gave a 
value of 1/3. 

Effect of keto acids on the ‘aldehyde activity’. An 
effect of pyruvate and other keto acids similar to 
our finding in liver suspensions has been reported 
by Green, Needham & Dewan (1937). They studied 
a number of dismutation reactions, including the 
crude soluble 


dismutation of acetaldehyde in 


extracts of skeletal muscle and liver. In some cases 
a large increase in acid formation was observed on 
keto acids such as oxaloacetate and 
this 


addition of 
pyruvate. In many cases effect was un- 
doubtedly caused by the increased DPN concen- 
tration furnished by reduction of the keto acid. 
With acetaldehyde this explanation can hardly 
account for the observations. In our experiments 
the increase in DPN concentration on addition of 
pyruvate cannot exceed about 10%, which at the 
concentration of DPN employed will have only 
negligible effect on the rate of aldehyde dehydro- 
genation. The possibility that DPNH has an in- 
hibitory effect on the process and that this inhi- 
bition is released when the DPNH is oxidized by 
pyruvate seems also to be ruled out, as no inhibition 
by DPNH could be observed with purified alde- 
hyde dehydrogenase (Fig. 8). 

Nygaard & Rutter (1956) and Astrachan, 
Colowick & Kaplan (1957) observed that DPNH 
bound to glyceraldehyde phosphate dehydrogenas« 
could react with some other dehydrogenases with- 
out dissociation to free DPNH. 
reaction rate was even greater with bound DPNH 
the This 
could possibly explain the effect of pyruvate on the 


In some cases the 


than with free coenzyme. observation 
‘acetaldehyde activity’. If a complex between 
lactic dehydrogenase (LDH), DPNH and aldehyde 
dehydrogenase (ALDH) were formed, the following 


reactions could be envisaged: 


LDH-—DPNH-ALDH + pyruvate > 
LDH-—DPN-ALDH + lactate. 
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The LDH-—DPN-—ALDH complex may either react 


directly with acetaldehyde: 
LDH-—DPN-ALDH + acetaldehyde > 
LDH—DPNH-ALDH + acetate, 
or it may dissociate before the reaction of acetalde- 
hyde with ALDH-—DPN. Since presumably the dis- 
DPNH ALDH is the 
limiting step in the aldehyde dehydrogenation, as 
with (Theorell & 
Chance, 1951), the formation of the complex with 


1959 


sociation of from rate- 


liver alcohol dehydrogenase 
lactic dehydrogenase and the subsequent reduction 
without dissociation would permit a circumvention 
of the rate-limiting step and therefore an accelera- 
tion of the ‘aldehyde activity’. 

The important discovery by Vennesland and co- 
workers of stereospecificity of enzymes with regard 
to the binding of the DPN molecule is of interest in 
this connexion. It would seem probable that the 
condition for the sharing of one DPN molecule by 
two different enzyme molecules would be that the 
Levy & 
found aldehyde dehydro- 


enzymes display opposite stereospecificity. 
Vennesland (1957) have 
genase from liver to have «-specificity. The same 
specificity was found for lactic dehydrogenase and 
malic dehydrogenase, which therefore should not 
be capable of reacting with aldehyde dehydro- 


genase. The lactic and malic dehydrogenases were, 


however, obtained from muscle tissue. The stereo- 
specificity of the corresponding enzymes from liver 
has not been determined. We cannot therefore at 


present decide whether our results are in agree- 
ment with the assumption that opposite stereo- 
specificity is a condition for the sharing of diphos- 


phopyridine nucleotides by dehydrogenases. 


SUMMARY 


1. A technique has been devised which permits 
the rapid (2-4 sec.) and accurate removal and de- 
proteinization of samples of tissue suspensions 
under anaerobic conditions. 

2. Under anaerobic conditions acetaldehyde is 
transformed rapidly into ethanol and acetate in 
suspensions of rat liver in a potassium chloride 
phosphate solution. Addition of diphosphopyridine 
nucleotide accelerates the processes. That part of 
the aldehyde disappearance which is not caused by 
ethanol 


proaches 


formation (the ‘aldehyde activity’) ap- 
a maximum value at a diphosphopyridine 
nucleotide concentration of about 200 pM. 

3. The ‘aldehyde activity’ is independent of the 
acetaldehyde concentration in the range examined 
(0-1—0-6 mM). 

4. The 


counted for by 


whole of the aldehyde removal is ac- 
formation of ethanol and acetate. 
Condensation reactions such as acetoin synthesis 
did not take place at the low aldehyde concentra- 
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ethanol metabolism in the living organism con- 
densation reactions of acetaldehyde can be of no 
quantitative importance. 

5. Addition of pyruvate or 
the ethanol 
value. It is 


keto 
negligible 
concluded that rat 
does not contain any true aldehyde mutase. 


other acids 


reduced formation to a 
therefore liver 

6. The ethanol formation is frequently larger 
than the aldehyde dehydrogenation. Evidence is 
obtained that this is due to reduced diphospho- 
pyridine nucleotide, formed at a considerable rate 
from substrates present in the liver. 

7. The concentration of diphosphopyridine 
nucleotide and reduced diphosphopyridine nucleo- 
tide during aldehyde metabolism was followed and 
the significance of the results is discussed. 


8. Addition of pyruvate increased the rate of 


[t is 
suggested that this result may be caused by the 


aldehyde dehydrogenation by about 50%. 


formation of a complex between aldehyde dehydro- 
genase, lactic dehydrogenase and reduced diphos- 
phopyridine nucleotide, which could be oxidized 
by pyruvate. The dissociation of reduced diphos- 
phopyridine nucleotide from the aldehyde de- 
hydrogenase, which is presumably the rate-limiting 
step, would in this way be circumvented. 

This investigation has been partially supported through 
a grant (to F.L.) from Statens almindelige Videnskabsfond. 
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A Ribonucleoprotein Component of Escherichia coli 


By T. J. BOWEN, S. 


DAGLEY anp J. 


SYKES 


Department of Biochemistry, University of Leeds 


(Received 24 November 1958) 


Although aqueous solutions prepared from dis- 
rupted bacteria contain macromolecules of many 
different kinds, a simple pattern, which is common 
to the several species so far studied, is observed 
when such extracts are examined in the analytical 
ultracentrifuge. This is due chiefly to the abund- 
ance and ubiquity of a component of the cytoplasm 
that sediments at about 40 Svedberg units (40s); 


our present studies that smaller peaks 
observed for boundaries of 29s and 20s may be due 
to particles formed by of the ‘40s 


component’. Schachman, Pardee & Stanier (1952) 


suggest 
breakdown 


five methods 
different species of bacteria and showed that most 


of the ribonucleoprotein of extracts sedimented 


used for disrupting cells of six 


with their 40s components, which, in the electron 


97.9 
al 
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microscope, appeared as spheres of 100—-150A in 
diameter. Similar particles had previously been 
Delbriick & Anderson (1943), 


Pardee, 


described by Luria, 


who studied bacteria lysed by viruses. 
Prestidge (1957) separated the ribo- 


Escherichia 


Paigen & 


nucleoprotein of extracts from coli 
and Bacillus megaterium by zone electrophoresis 


and showed that the isolated nucleoprotein gave 


rise to two boundaries with sedimentation co- 
efficients in fair agreement with those of the 40s 
and 29s components in the original extracts. 


Other workers (for a review see Alexander, 1956) 
have disrupted other species by different methods 
and have found in all extracts a boundary sedi- 
menting between 35s and 45s, and one, or some- 
two, at 20-29s. Additional 


sedimenting faster than 40s have sometimes been 


times boundaries 
observed, and most extracts show a spiked peak 
about 8s with which deoxyribonucleic acid has 
been shown to sediment (Schachman et al. 1952; 
Siegel, Singer & Wildman, 1952); a slowly moving 
band at about 5s due to a heterogeneous mixture of 
various soluble materials is also given. We have 
the ultracentrifuge to follow 
possible changes in the main soluble macromole- 
cular constituents during the growth cycle of E. 


used analytical 


coli, and in particular we have studied factors 
affecting the concentration and stability of the 40s 
component the living cell. Preliminary 
accounts of this work have been given elsewhere 
(Dagley & Sykes, 1957, 1958). 


inside 


EXPERIMENTAL 


The organism used was E. coli N.C.T.C. 5928 maintained by 
monthly serial subcultures on nutrient-agar slopes. Large 
crops were grown at 37° without aeration in 101. flasks 
filled to the neck with medium containing (per l.): KH,PO,, 
18 g.; (NH,).SO,, 1 g.; MgSO,,7H,0, 0-4 g.; glucose, 1-8 g.; 
it was adjusted with NaOH to pH 7. Where stated (‘pep- 
tone medium’) an addition was made of 10g. of Difco 
Bacto-peptone/I. 

Under these conditions of culture, changes in pH were 
small and without significant effect on growth, which was 
limited by exhaustion of the glucose provided. This is 
shown by measurements of yields of bacteria grown to the 
stationary phase in peptone media containing different 
amounts of glucose. Thus 0-24, 0-35, 0-37 and 0-46 mg. dry 
wt. of cells/ml. were supported, respectively, by concen- 
trations of 1-0, 1-8, 2-0 and 3-0 g. of glucose/l. with little 
increase in yield at concentrations higher than these. 

Phosphate buffers contained KH,PO, adjusted with 
5N-NaOH to pH 7, the value being checked with a Doran 
pH-meter with glass electrode; solutions of trisodium 
citrate dihydrate were neutralized with HCl and checked in 
the same manner. Harvested cells were allowed to drain 
free from medium before disintegration without abrasive in 
a Hughes bacterial press (Hughes, 1951). After experi- 
ments had established that suspension of cells in-0-015m- 
phosphate buffer did not affect the schlieren diagram of 
their extracts in the ultracentrifuge, cells were washed with 
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this buffer before crushing, and it was shown that traces of 
medium carried over with drained cells did not affect the 
diagrams. To standardize procedure, a press was used only 
after attainment of a steady temperature (-14°) by 
standing it overnight in the deep-freeze, and often five 
presses were therefore needed in the course of a single 
experiment. taken up in 0-067M- 
phosphate buffer, cell debris was removed by centrifuging 


Crushed cells were 
at 102 750 g for 15 min. and the clear extract was adjusted, 
by addition of buffer, to a protein content of 10 mg./ml. as 
determined by the method of Stickland (1951) with crystal- 
lized bovine plasma albumin (‘The Armour Laboratories, 
London) as standard. Extracts were examined at labor- 
atory temperature in a Spinco model E analytical ultra- 
centrifuge at an average field of 187 000 g.. Sedimentation 
coefficients were calculated from photographs taken at 
16, 32 and 48 min.; no corrections were 
applied for possible differences in temperature, viscosity or 


intervals of 8, 


density of the various extracts, and the comparisons of 
schlieren diagrams are essentially qualitative. 

Preparations were examined by zone electrophoresis 
with cellulose acetate strips as described by Kohn (1958). 
After the application of 500v to a strip 36 cm. long for 
4 hr., protein was dyed with Ponceau S (G.T. Gurr Ltd., 
London, S.W. 6) and when sprayed with a solution of 
anthranilic acid (1%, w/v) to render the strips fluorescent, 
nucleic acid was revealed by exposure to filtered short-wave 
ultraviolet light from a mercury arc lamp (Markham & 
Smith, 1951). 

Induction of 
treating cell suspensions with toluene (Cohn & Monod, 
1951; Lovtrup, 1956) and then incubating with a solution of 
o-nitrophenyl-8-p-galactoside (L. Light and Co. Ltd., 
Colnbrook, Bucks) according to the procedure of Lederberg 
(1950), as modified by Kuby & Lardy (1953),-in which light 
absorption by o-nitrophenol produced by hydrolysis is 
measured. One unit of activity is the formation of 1 umole 
of o-nitrophenol/min./mg. dry wt. of cells. 


-galactosidase was followed by first 


RESULTS 


Concentration and stability of 
‘40s component’ in whole cells 


Effect of growth medium. An extract from cells 
grown to the stationary phase in mineral-salts 
medium gave the schlieren diagram shown in 
Fig. 1 (a) when centrifuged for 16 min. at 187 000 g. 
When part of the crop was transferred to peptone 
medium and extracts were made at intervals 
during growth, there was a marked increase in the 
40s peak and those at 29s and 20s were also en- 
larged. This is seen in the diagram [Fig. 1 (b)] for an 
extract from the cells at the end of their expo- 
nential phase of growth in peptone medium. The 
40s peak did not begin to diminish until 8 hr. in the 
stationary phase of either a peptone or a mineral- 
salts culture. 

Suspension of cells in phosphate buffer. When cells 
from the crop that gave Fig. 1 (a) were incubated 
for 30 min. at 37° with a volume of 0-13Mm-phos- 
phate buffer equal to that from which they were 
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harvested, the 40s boundary no longer appeared in 
the schlieren diagram [Fig. 1 (c)]. This behaviour 
was also shown by cells grown with peptone, but 
differences in detail were evident: the boundary 
was lost more slowly and, as it diminished, another 
peak of slightly coefficient 


lower sedimentation 


became evident. Thus in Fig. 1 (d) two small peaks 
remain after loss of the 40s component over an 
interval of 2hr. This loss depended upon the 
strength of phosphate buffer used in resuspension; 
thus cells from a crop which gave Fig. 1 (c) on 
incubation with 0-13 M-phosphate buffer for 30 min. 
were unaffected after 30 min. in 0-U3M-phosphate, 
and the area of the 40s peak was approximately 
halved after 90 min. Suspension of cells in a solu- 
tion of 0-05M-trisodium citrate of the same ionic 
strength as 0-13M-phosphate buffer (I 0-31) pro- 
duced a slow but definite loss of the component. In 
this experiment the cells were washed with 0-015M- 
phosphate buffer before they were disintegrated to 
avoid the introduction into the extract of traces of 
citrate, which, as shown below, caused breakdown 
of the 40s component in partially purified prepara- 
tions. The effect of 0-31M-KCl was comparable 
with that of 0-13 mM-phosphate. 

Effect of magnesium ions. Cells depleted of 40s 
component by incubation with 0-13mM-phosphate 
buffer were able to divide within 15 min. of transfer 
to complete growth containing 0-13M- 
KH,PO,. When the sources of carbon and nitrogen, 
namely glucose and (NH,),SO,, were added to 
0-13M-phosphate buffer, the component was lost 
from the suspended cells as quickly as in the 
absence of these compounds; but on addition of 
1-6 mm-MgSO, to give a complete growth medium 
the 40s component remained intact. It was then 
found that addition of the magnesium salt alone to 
the buffer prevented loss of the component; the 
effective was determined by the 
density of the cell suspension as well as the phos- 
phate concentration. 
cells grown in peptone medium. 


media 


concentration 


This was shown as follows for 
Extracts were 
made at intervals during an incubation period of 
90 min. from a cell suspension containing 0-38 mg. 
dry wt. of cells/ml. of 0-13M-phosphate—1-6 mm- 
MgSO, ; their schlieren diagrams, which resembled 
Fig. 1 (b), 
during the period of incubation and the peak 
remained symmetrical. For concentrated 
pensions (2-1 mg. dry wt. of cells/ml.) the presence 
of 1-6 mm-MgSO, was insufficient to prevent loss of 
the component; the 
peak in the schlieren diagram was large and sym- 
metrical, but at 40 min. 
with development of ‘shoulder’, which at 60 min. 
was more pronounced, whereas the original peak 
had clearly diminished [Fig. 1(f)]. In 
other experiments the 40s peak developed asym- 


showed no loss of the 40S component 


sus- 


after incubation for 20 min. 


it showed some broadening 


several 
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metry before a reduction in area was observed. 
Later photographs taken during the centrifuging 
of this extract show the shoulder clearly resolved 
into a peak sedimenting near to 40s. Traces of this 


additional component can be seen in 
for peptone-grown cells after 
tion with buffer 
Fig. 1 (d)]}. 

The suggestion that the stability of the 40s com- 
ponent is related to the amount of magnesium 
available per cell was supported by observations on 
cultures as they When 
glucose limited growth the schlieren diagram was 
that in Fig. 1 (b); addition of glucose alone allowed 
growth to a dense population and the 40s peak 
developed a shoulder as growth progressed; but 
when MgSO, was also added, to treble the Mg?+ ion 
concentration of the culture, 


diagrams 
prolonged incuba- 


in the absence of Mg?*+ ions [e.g. 


grew in peptone medium. 


the peak remained 
symmetrical despite the increase in cell density. 
It has been noted that cells were able to divide 
within a few minutes of transfer to a new growth 
medium, although they had been depleted of the 
40s component, and the rate at which the com- 
ponent was reconstituted in such cells was studied. 
Measurements were restricted by the speed of 
harvesting, disintegration and extraction; 
with 


but by 


working concentrated suspensions it was 


aL 





Hl | fe 
(f) 


Fig. 1. 
at 187 000 g, 
phase glucose plus mineral-salts culture, (b) at the end of 
the logarithmic 


16 min. 
for extracts from cells (a) in stationary 


Schlieren diagrams, after centrifuging for 


phase after transfer to glucose plus 
(c) Cells grown with mineral salts and 
then incubated for 30 min. in 0-13M-phosphate buffer, 
pH 7; (d) cells grown in peptone medium after incuba 
tion for 2 hr. with this buffer. When cells from a crop 
which gave (d) were incubated for 20 min. with mag- 
nesium sulphate, extracts then gave (e) for 8-0 mm- 
MgSO, and (f) for 0-8 mm-MgSO, present in the incuba 
tion mixture. Sedimentation is 
to the left; the visible boundaries in (6) have sedimenta- 
tion coefficients of 40, 25, 20 and 5s; in (c), where 40s is 
absent, their coefficients are 24, 18 and 6s; in (d) the two 
small leading peaks have coefficients of 38 and 34s. 


peptone medium. 


Schlieren angle was 50°. 
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possible to obtain extracts for examination in the 
ultracentrifuge at intervals of 20 min. Cells from 
15 1. of peptone—glucose culture were harvested in 
a Sharples supercentrifuge, incubated at 37° for 
2 hr. in 101. of 0-13M-phosphate buffer, to deplete 
cells of the 40s component, and then resuspended 
in 21. of 0-13M-phosphate buffer. This suspension 
(1-6 mg. dry wt. of cells/ml.) was immediately 
divided into two portions of 1 1.: to one was added 
8 mmM-MgSO, and to the other 8-0 mm-MgSQ, ; 
both were incubated at 37°. Volumes of 500 ml. 
were withdrawn at intervals of 20 min. and the 
packed cells from centrifuging each sample at 
20 000 g for 10 min. were disintegrated separately 
and extracts prepared. 1 (d), which has 
already been noted as typical for peptone-grown 
cells incubated in 0-13M-phosphate buffer without 
Mg?* ions, was obtained in this particular experi- 
ment. Fig. 1 (e) was obtained for cells so depleted 
after they had been incubated for 20 min. in the 
presence of 8-0 mm-MgSO, and Fig. 1 (f) for such 
cells after the same period with 0-8 mm-MgSO,. 
Evidently, within 20 min., addition of 8-0 mmM- 
MgSO, resulted the formation 40s 
ponent, showing as a symmetrical peak in the 
diagram; but for cell suspensions of this density in 
0-13 m-phosphate buffer, 0-8 mm-MgSO, effected only 
a partial recombination. When cells were incubated 
for longer than 20min. the corresponding diagrams 
were essentially the same as Fig. 1 (e) and (/). 
Synthesis of B-galactosidase. The observation that 
the 40s component disappeared when cells were 
suspended in buffer was used in an attempt to 
determine whether the intact component was 
essential for protein synthesis. A crop of cells from 
divided into two 


Fig. 


in of com- 


glucose—peptone culture was 
equal parts, one of which was incubated for 2 hr. 
with 0-13mM-phosphate buffer, to deplete cells of 
40s component, and the other with 0-015M-phos- 
phate buffer, which does not change the schlieren 
diagram. The cells were centrifuged, resuspended in 
equal volumes of their respective buffers at 30° and 
additions made of and 8 mM- 
(NH,).SO,. At intervals over 1 hr. samples were 
removed, treated with toluene and their B-galacto- 
sidase activities determined ; no growth occurred in 


5 mmM-lactose 


this period. Both cell suspensions possessed initial 
activities of 0-005 unit, which increased at the same 
rate during incubation with lactose so that both 
attained the same value of 0-07 unit after 1 hr. The 
rate of synthesis of this particular protein does not 
appear to be related to the concentration of the 
40s component inside the cell. 


Effect of salts on isolated ‘40s component’ 


The component was isolated as described below, 
with the preparative rotor at a gravitational field 
of 102 000 g. Cell-wall material was removed from 
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disintegrated bacteria suspended in 0-03M-phos- 
phate buffer by centrifuging for 15 min.; the clear 
solution was centrifuged for 30 min., the pellet 
dissolved in the same buffer and this solution 
centrifuged for 30 min. The final pellet, when dis- 
solved in 0-31 M-KCIl, gave the schlieren diagram of 
Fig. 2 (a), when dissolved in 0-13M-phosphate 
buffer it gave Fig. 2(b) and, in 0-05m-sodium 
citrate, Fig. 2 (c). Solutions were diluted to give 
the same refractive index as measured by an Abbe 
refractometer, and photographs were taken at the 
same schlieren angle in the ultracentrifuge. Sedi- 
mentation coefficients for Fig. 2 are as follows. In 
Fig. 2 (a) the main (leading) boundary is 42s. In 
Fig. 2 (b) there are two very small peaks in the 
region of 40s (39 and 33s) followed by a peak of 
large area at 24s, a smaller one at 17s and a ‘spike’ 
at 11s; the action of 0-13M-phosphate buffer has 
also produced an appreciable amount of slowly 
sedimenting material (about 10s) which was more 
clearly revealed in photographs taken later in the 
run. The boundaries at 24s and 17s are within the 
range of sedimentation coefficients for the particles 
of ribonucleoprotein normally present in crude 
extracts, which are designated for convenience the 
‘29 and 20s components’. Solution in citrate 
resulted in the loss of all components sedimenting 
faster than the broad peak in Fig. 2 (c), the apex of 
A similar observation has been 


which is at 6s. 


reported for the 80s component of yeast (Chao, | 


1957). The effect on the stability of isolated 40s 
component of varying the concentration of ortho- 
phosphate agreed with the observations of Dagley 
& Sykes (1958) for crude preparations; significant 
loss of the component occurred only when the 
phosphate concentration was raised above 0-06m; 
accordingly, 0:03m-phosphate buffer was used in 
the isolation procedure. 

Schachman et al. (1952), Wagman & 'Trawick 
(1958) and others have shown by chemical analysis 


that the 40s component isolated from £. coli 


42s 245475115 
| 


(a) (b) (<) 


Fig. 2. Schlieren diagrams, after centrifuging for 16 min. at 
187 000 g, for preparations of 40s material in: 0-31 a-K(l 
(a); 0-13M-phosphate buffer, pH 7 (6); 0-05m-sodium 
citrate, pH 7 (c). Schlieren angle was 60°. Sedimentatio! 
is to the left. Numbers above the diagrams show sedi- 
mentation coefficients of boundaries in Svedberg units 
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contains about 30% of ribonucleic acid (RNA). 
A 40s preparation in 0-03M-phosphate buffer, 
which gave a schlieren diagram similar to Fig. 2 (a), 
migrated a distance of 65 mm. towards the anode 
of a strip 36cm. long, impregnated with 0-03 m- 
phosphate buffer, as a protein band 5mm. wide 
when 500v was applied for 4 hr. When the strip 
impregnated with anthranilic acid and 
exposed to short-wave ultraviolet light, light- 
absorbing material was observed to have migrated 


was 


exclusively with the protein band. The same pre- 
paration was dissolved in 0-05M-sodium citrate 
[Fig. 2 (c)] and when examined under the same 
conditions gave a protein band, about 20 mm. wide, 
of which the front edge travelled 70 mm. towards 
the anode; light-absorbing material again moved 
exclusively with the protein. If it is assumed that 
the light absorption was due to RNA in the pre- 
paration it is evident that, when the 40s com- 
ponent breaks down in 0-05m-sodium citrate, RNA 
is not separated from protein but smaller ribo- 
nucleoprotein units are formed which carry about 
the same charge density. Solutions in 0-05m- 
phosphate buffer were also examined in the Tiselius 
electrophoresis apparatus. Although much light 
was scattered by the solution, causing the schlieren 
diagrams to blur, it was possible to show that the 
main component of paper electrophoresis could be 
resolved into two peaks to give a diagram similar to 
that obtained by Cota-Robles, Marr & Nilson 
(1958) in their studies with Azotobacter. 

In the experiments of Fig. 1, cellular material 
extracted with 0-067M-phosphate — buffer. 
Since we have no definite knowledge of concentra- 
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tions inside LH. coli no satisfactory choice of solvent 
can be made if it is desired to approximate to 
intracellular-salt concentrations. Since PO,'- ions 
affect the stability of ribonucleoprotein particles, 
it may also be objected that dilution in such a 
medium to a concentration suitable for analysis in 
the ultracentrifuge may alter the balance in the 
cell between existing ribonucleoprotein species; 
thus the 70s particle of Tissiéres & Watson (1958) 
might to disintegrate in 0-067M- 
phosphate buffer. We therefore prepared extracts 
in water and KCl solutions and in various concen- 
trations of phosphate buffer lower than 0-067M; 
their schlieren diagrams differed in no essential 


be expected 


feature from those for 0-067 M-phosphate buffer. In 
agreement with Schachman et al. (1952), who used 
water and 0-02M-, 0-15M- 0-2mM-NaCl for 
extraction of 1. coli, we found no component larger 
than 40s. 


and 


Extracts made in water with addition of 
1-6 mm-MgSO, (the concentration in growth media) 
gave the normal have 
reported. When magnesium was added as 1-6 mM- 
magnesium acetate (Tissiéres & Watson, 1958) a 
small additional peak of 60s appeared. Water 


schlieren patterns we 
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extracts containing 10mm-MgSO, gave well- 
defined boundaries at 64, 49, 31 and 25s; in 10 mm- 
magnesium acetate, boundaries were given at 74, 
59, 48, 31 and 23s. Apparently addition of mag- 
nesium as acetate may involve specific effects 
be noted that in this molecule the 
metal appears to be powerfully chelated (Sidgwick, 
1950). 

Incubation of crude extracts with ribonuclease 
(10 pg./ml.; L. Light and Co. Ltd.) produced con- 
siderable, and in 
alterations in schlieren diagrams. After 15 min. the 
height of the peak at 40S was approximately 
halved; but it also broadened as material sedi- 
menting at 40-50s was produced. After incubation 
for 2-5 hr. the boundaries at 29 and 20s largely 
disappeared, but a peak at 40s 
one-quarter of its original area; and higher mole- 


and it may 


some _ respects unexpected, 


remained, about 


cular-weight material was now evident sedimenting 
with a small but well-defined peak at 60s. Bolton, 
Hoyer & Ritter (1958) showed that ribonuclease 
removed components sedimenting at 20-80s in 
their extracts, but no residual 60s component was 
reported. 


DISCUSSION 


The ribonucleoprotein component of EL. coli that 
sediments at about 40s is influenced profoundly by 
the environment of the cells. Its concentration is 
particularly high in cells from peptone culture in 
which cell division is rapid. Caldwell, Mackor & 
Hinshelwood (1950) found that the RNA content of 
bacteria was approximately proportional to the 
rate at which they grew; and it may be noted that 
since we examined all extracts at the same concen- 
tration, namely also 
follows that the protein which is bound to RNA in 


10mg. of protein/ml., it 


the 40s component forms a higher proportion of 
the total protein in extracts made from cells grown 
in peptone media. However, although the total 
amount of ribonucleoprotein may depend upon 
factors, its (in 
proliferating cells at least) is governed by the con- 


metabolic physical form non- 
centrations of certain salts in the suspending fluid. 
Thus loss of ribonucleoprotein sedimenting at 40s 
occurs in cells when incubated in 0-13 M-phosphate 
buffer, an effect apparently due to depletion of 
Mg? 


was first suggested (Dagley 


to starvation of nutrients as 
& Sykes, 1957). In 


these circumstances some of the RNA may appear 


ions and not 


in the suspending fluid (Borek, Ryan & Rocken- 
bach, 1955; Rotman, 1958), but much of it must 
remain inside the cells since it was possible, by 
incubation with suitable concentrations of Mg? 
ions, to re-form the 40s component in cells after 
the buffer used for their depletion had been centri- 
fuged and discarded. The products formed when 
the 40s lost from whole cells 


component was 
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cannot be established with certainty by inspection 
of schlieren diagrams obtained on crude extracts; 
but if it is assumed that incubation with 0-13M- 
phosphate produces a similar effect inside cells to 
that of 0-13M-phosphate acting on isolated pre- 
parations of 40s component, then its breakdown gives 
rise to 29 and 20s particles [Fig. 2 (b)], together with 
material of lower molecular weight. Pardee et al. 
(1957) showed that the 29s component was a ribo- 
nucleoprotein, and we found that both the 29 and 
20s boundaries were abolished by the action of ribo- 
nuclease. Products of dissociation smaller than the 
20s component appear to be ribonucleoprotein in 
nature, since examination by paper electrophoresis 
showed that, after dissolving the 40s component 
in sodium citrate solution, protein and RNA still 
migrated together, although no boundaries sedi- 
mented faster than 13s in the ultracentrifuge. 
Wade & Morgan (1957) found a higher proportion 
of RNA in dividing than in resting bacteria: the 
‘additional RNA’ sedimented in a fraction con- 
taining components from 20 to 40s; they also 
showed that the fraction was rich in magnesium. 
Our ultracentrifugal analyses show greater changes 
in concentration for the 40s component than for 
any other particle; it is stabilized by Mg** 
which may bind the smaller ribonucleoprotein 
units together as Petermann & Hamilton (1958) 
have suggested for mammalian particles of ribo- 
nucleoprotein. Wade & Morgan (1957) discussed the 
biological significance of ‘additional RNA’ and 
suggested that it plays a specific part in cell 
rather than in protein synthesis. In 
agreement, we found no connexion between the 


ions, 


division 


concentration of 40s component and the rate of 
synthesis of B-galactosidase. Butler, Crathorn & 
Hunter (1958) concluded that the main site of 
protein synthesis in Bacillus megaterium is the 
cytoplasmic membrane. From the work of 
Bradfield (1956) and Marr & Cota-Robles (1957) it 
appears that the 40s component is distributed 
throughout the cytoplasm: the of 
Micrococcus lysodeikticus contains no ribonucleo- 
protein (Gilby, Few & McQuillen, 1958). This work 
would establish that RNA’ does not 
participate in protein synthesis, were it not for the 
fact that Butler et al. (1958) found no 20-40s 
components in protoplasts, in disagreement with 
Weibull (1953). The present work suggests that the 
reason for this was their use of 0-5M-potassium 
dihydrogen phosphate or 0-5M-sodium citrate for 


membrane 


‘additional 


suspension of cells at different stages in the pre- 
paration of protoplasts; Weibull (1953) used less 


concentrated (0-03mM-phosphate) buffer. Mag- 


nesium appears to be a specific requirement for 
bacterial growth (Young, Begg & Pentz, 1944; 
Webb, 1949b; Webb, 1951); when its concentration 
is reduced, protein synthesis may proceed without 
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cell-division and the bacteria develop as ‘fila- 
mentous forms’ (Webb, 1949a@). As Fig. 1 (d) and 
(e) show, addition of magnesium sulphate caused a 
rapid recombination of ribonucleoprotein inside the 
cells so that one sharp boundary was added to the 
schlieren diagram; a uniform particle size was 
given and not a spectrum of aggregation. It is 
suggestive that this change was brought about by 
ions essential for cell-division; however, this is, no 
doubt, a complex process in which magnesium 
might participate at several stages. 
Ribonucleoprotein particles having sedimenta- 
tion coefficients of 74—80s have been isolated from 
pea seedlings (Tso, Bonner & Vinograd, 1956), 
yeast (Chao & Schachman, 1956) and liver (Peter- 
mann & Hamilton, 1957). Tissiéres & Watson 
(1958) have recently isolated particles of 70s from 


£. coli by extraction with 10 mM-magnesium 
acetate plus mM-2-amino-2-hydroxymethylpro- 


pane-1:3-diol (tris) buffer followed by a cycle of 
centrifuging in 2-5 mM-magnesium acetate plus 


tris buffer; they report that these particles dis- | 


sociate almost entirely into smaller units (32s and 
51s) when dissolved in mm-Mg?* ions plus 0-01 m™- 
phosphate buffer. Accordingly, if the intracellular 
concentration of orthophosphate rises to 0-01 M, or 
that of Mg?+ ions falls below mm during bacterial 
growth, essential biological functions cannot be 


ascribed to 70s particles which are not shared by 


the 40s component (the 51s particle of Tissiéres & / 


Watson, 1958). There is disagreement over the 
PO,*- ion concentration inside EH. coli (Roberts, 
Abelson, Cowie, Bolton & Britten, 1955; Mitchell & 
Moyle, 1956), but the present work shows that 
alterations in PO,’- and Mg?* ion concentrations | 
outside the cells can produce considerable, but | 
reversible, in intracellular ribonucleo- 
protein particles. These results do not suggest that 
a mechanism exists by which intracellular-salt / 
concentrations maintained within a range 
compatible with 70s stability; the view that the 
integrity of this particle is essential for normal 
metabolism would be difficult to reconcile with th 
ease of growth of cultures over a wide range of salt 
ions is present. 


changes 


are 


concentrations when mm-Mg?+ 
Even with the 40s component its apparent homo: ! 
geneity, noted also by Tissiéres & Watson (1958 
for their 51s particle, depended on the magnesium 
content of the culture; the first result of magnesium 
depletion was the appearance of an additional 
boundary close to 40s [Fig. 1 (f)], and extensive 


breakdown usually left two small but distinct 
peaks at 40—45s [Fig. 1 (d)]. 
SUMMARY 


1. The analytical ultracentrifuge was used t 
study certain particles in cell-free extracts 0 
Escherichia coli. The main ribonucleoprotein com: 
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ponent sedimented at 40 Svedberg units (un- 
corrected). 

2. The concentration of this component was 
greater in cells grown with peptone than with 
mineral-salts media containing the same concen- 
tration of glucose. 

3. The component disappeared when cells were 
incubated at 37° with 0-13Mm-phosphate buffer, 
pH 7; this was prevented by addition of 1-6 mm- 
magnesium sulphate. When the phosphate concen- 
tration was reduced, the disappearance was slower 
and was not observed in 0-03m-phosphate buffer in 
the absence of magnesium ions. Cells were also 
depleted of the component when incubated with 
0:31 M-potassium chloride. 

4. When ‘depleted’ cells were incubated with 
magnesium sulphate the component was re-formed 
within 20 min. At high magnesium sulphate con- 
centrations, depending on the density of the cell 
suspension, a sharp boundary in schlieren diagrams 
showed that an apparently homogeneous com- 
ponent was reformed; but at lower magnesium 


concentrations there was an additional boundary of 


slightly lower sedimentation coefficient. This 
heterogeneity was also evident in extracts from 
cultures grown to high populations and from pep- 
tone-grown cells after ‘depletion’. 

5. ‘Depleted’ cells synthesized B-galactosidase 
at the same rate as cells containing higher concen- 
tration of the ‘40s component’. 

6. Isolated ‘40s component’ was stable in 
0:31mM-potassium chloride. In 0-13M-phosphate 
buffer, material that sedimented mainly at 27 and 
17 Svedberg units was formed; in 0-05M-sodium 
citrate all products of disintegration sedimented 
slower than 11 Svedberg units. Ribonucleic acid 
still migrated with protein during electrophoresis of 
material after disintegration. 

7. From a consideration of the extracellular 
concentrations of salts which produce the observed 
reversible changes within cells it is concluded that 
ribonucleoprotein components sedimenting faster 
than 40 Svedberg units are not indispensable for 
normal cell metabolism. 


We wish to thank the Medical Research Council for the 
provision of a research assistantship (for J.S.). 
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6. ADAPTATION OF GLUCOSE 6-PHOSPHATE DEHYDROGENASE 
TO GROWTH IN COMPLEX MEDIA* 


By DWIGHT B. McNAIR SCOTT anp EILEEN CHU 
The Section on Cytology and Genetics of the Department of Physiology of the School of Medicine 
of the University of Pennsylvania, Philadelphia, Pennsylvania, U.S.A. 


(Received 23 October 1958) 


In a previous paper of this series (Scott, 1956a) we 
reported that the activities of the two dehydro- 
genases of the hexose monophosphate-oxidation 
pathway, which were obtained in cell-free extracts 
of Escherichia coli, varied within a narrow range 
both of levels and of the ratios of one to the other 
under all conditions tested. This constancy was 
evident when the activities were calculated as rate 
of reduction of triphosphopyridine nucleotide/mg. 
of protein of the extract. If the calculation was for 
activity per cell there was a variation which 
depended on the size of the bacterial cells (Scott & 
Cohen, 19536). The conditions tested included rest 
or growth, and aerobiosis or anaerobiosis. The 
was synthetic, containing trace salts, 
ammonium sulphate for a nitrogen source, phos- 
phate and a carbon source. The carbon sources 
tested were glucose, D-arabinose, potassium glucon- 
ate and sodium lactate. 

It was also reported that under these same condi- 
tions of growth the presence of 2:4-dinitrophenol 
would increase the extractable activity of the 
glucose 6-phosphate dehydrogenase as much as 
sixfold without affecting the level of activity of the 
phosphogluconate dehydrogenase (Scott, 1956b). 

The present paper shows that certain changes in 
the medium involving both the nitrogen and the 
carbon source can produce changes in the levels of 


medium 


both enzymes and in the ratios between them. 


METHODS AND MATERIALS 


The bacterial cultures of EZ. coli, strain B, were carried on 
nutrient-agar slants from which a loopful was inoculated 
into 10 ml. of salts and glucose medium (Cohen & Arbogast, 
1950). This culture was allowed to grow with aeration until 
very turbid and is called the ‘weekly culture’. From it was 
taken 0-01 ml. for inoculation into 100 ml. of salts and 
medium or nutrient broth. This culture 
allowed to grow with aeration overnight at 37° and con- 
stituted the ‘overnight culture’. According to the size of 
the inoculum and the time of incubation the culture had 


glucose was 


either finished growing and was in a resting or stationary 
phase, or it was still growing logarithmically. In other 


* Part 5: Scott & Cohen (1957). 


experiments the cultures were grown in towers of 200 ml. 
capacity, each of which had a Klett tube as side arm and a 
tube for aeration and was kept in a water bath at 37°. 

The salts medium of Cohen & Arbogast (1950) contained 
(NH,).SO, as a source of nitrogen and glucose (2 mg./ml.) 
as a source of carbon. Other media were made up as 
indicated, with the following: nutrient broth, a mixture of 
Bacto-beef extract and Bacto-peptone (Difco Laboratories, 
Detroit, Mich., U.S.A.), 8 mg./ml.; casein hydrolysate, an 
acid hydrolysate of casein (General Biochemicals Inc., 
Chagrin Falls, Ohio, U.S.A.), 1 mg./ml.; Difco yeast extract, 
the water-soluble portion of autolysed fresh yeast, 1 mg. 
ml.; yeast ribonucleic acid (Schwarz Laboratories Inc., 
New York, N.Y., U.S.A.), 1 mg./ml. 

E. coli ribonucleic acid (RNA) was prepared from the 
bacteria by the method of Kirby (1956) and added to the 
media at a concentration of 0-16 or 0-13 mg./ml. 

The methods used for extraction of the cells and measure- 
ment of the enzyme activities were as described previously 
(Scott & Cohen, 1953a). A unit of enzyme activity is 
defined as that which produces an increase of 1 in extinction 
at 340 mp in 1 min. and is caused by the reduction of 
0-16 umole of triphosphopyridine nucleotide (TPN). 

The number of doublings of cell mass undergone by a 
culture is indicated by log, 7'/7'5, where 7' is the turbidity 
at the time under consideration and 7’, is the initial 
turbidity. 


RESULTS 


Two experiments with inocula grown in salts and 
glucose medium which were transferred to nutrient 
broth are shown in Table 1. The first inoculum was 
taken from a resting stationary-phase culture and 
the second from the logarithmic stage of growth. 
After varying periods of growth in the nutrient 
broth, some of the culture was harvested and 
extracted and the enzyme activities were deter- 
mined. During the first doubling of turbidity, the 
glucose 6-phosphate dehydrogenase (G 6-PD) 
activity decreased to approximately half the initial 
value in units/mg. of protein in the extract. In the 
same two extracts the phosphogluconate dehydro- 
genase (PGD) value was unchanged; thus the ratio 
was halved. Such results may be explained by the 
formation of new PGD at the same rate as the total 
cell substance, while there was no or slight new 


synthesis of G 6-PD. 
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Table 1. 


Medium 


Inoculum-salts and glucose (resting) 
Nutrient broth 


Inoculum-salts and glucose (log phase) 
Nutrient broth 


Inoculum-nutrient broth (resting) 
Salts and glucose 


Inoculum—nutrient broth (resting) 
a. Nutrient broth (log phase) 
b. Salts and glucose (from a) 


ADAPTATION OF GLUCOSE 6-PHOSPHATE DEHYDROGENASE 


Effect of transfer to different media 


Time 
(min.) 
Overnight 


fo 


11] 
136 
243 
Overnight 
64 
120 
180 
245 
Overnight 
245 
300 
420 
Overnight 
120 


125 


Enzyme activities of extracts 





Table 2. Enzyme activities of extracts of cells grown in various media 


Figures in parentheses indicate the numbers of individual experiments. 


Medium 
( Mean 


Salts and glucose (6) ; 
(6) | Range 


Including previous experiments (36)-+s.D. 
& | I 


(Scott, 1956a) (mean) 


Salts and glucose + yeast extract 


Salts and glucose + yeast RNA 


Salts and glucose + HZ. coli RNA 


Salts and glucose + casein hydrolysate 


Salts and glucose + casein hydrolysate 4 
1 


E. coli RNA 
Salts + yeast extract 


Salts + casein hydrolysate 


Salts + casein hydrolysate + yeast extract 


Salts + casein hydrolysate + yeast RNA 


(Mean 


|Range 


Nutrient broth (5) 


Nutrient broth + Z. coli RNA 


G 6-PD PGD 
(units/mg. (units/mg. 
log, T/T, of protein) of protein) G6-PD/PGD 
1-88 0-85 2-22 
0-76 1-20 0-86 1-40 
1-5 0-84 0-99 0-85 
3°6 0-74 0-92 0-80 
4-2 0-83 0-90 0-92 
. 1-88 0-99 1-90 
1-72 0-96 0-97 0-99 
2-33 0-89 1-24 0-72 
3°5 0-94 1-02 0-92 
3-6 0-98 1-07 0-92 
1-14 1-13 1-0 
1-2 1-02 0-84 21 
2-2 1-35 0-78 1-73 
4-0 1-56 0-95 1-64 
_- 0-86 0-96 0-90 
1-5 0-72 1-0 0-72 
1-0 0-95 0-72 1-32 
Enzyme activities of extracts 
G 6-PD PGD 
(units/mg. (units/mg. 
of protein) of protein) G 6-PD/PGD 
1-60 0-86 1-90 
1-3-2-0 0-6—1-1 1-5-2°6 
1-72 +0-42 0-90 +0-14 1:93 -+0-37 
1-2% 0-74 1-65 
1-70 0-63 2-7 
1-22 1-03 1-2 
1-60 1-14 1-40 
1-66 0-93 1-72 
1-10 0-61* 1-74 
1-37 0-76 1-81 
1-51 1-10 1-37 
2-03 0-97 2-10 
1-25 0-76 1-64 
0-58* 0-90 0-65* 
0-89* 0-96 0-92* 
0-95 0-80 1-18* 
0-91* 0-87 1-04* 
0-86* 0-72 1-20* 
1-08 0-61* 1-78 
0-91* 0-90 1-0* 
0-64-1-19 0-60-1-13 0-7-1-3 
0-72* 0-70 1-05* 


* The probability that values for G 6-PD below 0-91 or 0-62 would occur by chance was 5 and 1% respectively. For 


PGD, 95% of the values would be expected to lie between 1-18 and 0-62. 
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During the second and third doubling the G 6-PD 
activity decreased still further but was sufficiently 
high to indicate the formation of new enzyme. At 
the same time, the PGD activity increased and in 
Expt. Il reached a level of 1-2 units. Thus the ratios 
fell from 1-9 or 2-2 to 0-7 and 0-8. 

In the reverse experiment (Fig. 1) the inoculum 
was grown overnight in nutrient broth and was a 
resting culture. The activity of G6-PD was 1-14 
units, that of PGD 1-13 units and the ratio was 1-00. 
Salts and glucose medium was inoculated with 
washed cells. The culture grew very slowly without 
cell division for 3 hr. and then the cell numbers 
increased at the same rate as the turbidity in two 
cultures. The third culture happened to be syn- 
chronized for two divisions. During the period of 
adaptation to growth on the synthetic medium, 
both enzymes decreased markedly in activity/mg. 
of protein. Since the decrease was not to half the 
inoculum value, it seems that by the time the cells 
had doubled in mass they had synthesized some 
new enzymes, more of G 6-PD than of PGD, so that 
the ratio During the next doubling 
period this relationship between amounts of new 
enzyme synthesized continued and the ratio rose 
to 1-7. Thereafter the enzymes were synthesized at 
a fairly constant ratio, fluctuating slightly at the 
lower limit, which is usual for cultures grown in 
synthetic medium and glucose. 

An attempt was then made to analyse in more 
detail the effect of some of the different components 
of the nutrient broth (Table 2). Nutrient broth is 
a complex product of animal tissues, the main 


increased. 


components of which are peptones and nucleic acids 
and their products of hydrolysis. 

Casein hydrolysate was added to the salts and 
glucose medium and the enzyme activities were not 
significantly different from those of bacteria grown 
in salts and glucose medium. In three experiments 
when glucose was omitted and the casein hydro- 
lysate was the only source of carbon in the medium, 
the G 6-PD activity was decreased to 0-58, 0-89 and 
0-95; the PGD values were not changed, so the 
ratios were 0-65—1-2. 

Addition of yeast extract, either with the casein 
hydrolysate or with glucose, did not change the 
enzyme values appreciably. 

Other differences are not significant, although 
addition of EH. coli RNA, but not yeast RNA, to 
media containing glucose tended to give cultures 
in which PGD activity was at the lower limit of the 
salts-and-glucose medium range, except for one 
experiment when casein hydrolysate was also 
In this experiment 0-13 mg./ml. was the 
concentration of E. RNA two- 
thirds of that used in the other experiments and 
one-tenth of the amount of yeast RNA used. The 
effect of this low concentration of H. coli RNA on 


present. 


coli used, about 
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the rate of increase of turbidity had ceased before 
the cells were harvested for preparation of the 
extract. 

These nutrients all had effect on the growth of 
the bacteria. Growth in nutrient broth is faster 
than in salts-and-glucose medium but equal rates 
could be attained by addition to the salts-and- 
glucose medium of casein hydrolysate, yeast 
extract and, even better, of smaller concentrations 
of the nucleic acid from Z. coli. Yeast nucleic acid 
was inhibitory when used alone but not in combi- 
nation with casein hydrolysate. 


Transfer from nutrient broth to salts-glucose 
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Fig. 1. Two bottles containing 100 ml. of nutrient broth 


were inoculated with 0-01 ml. of a weekly culture sus- 
pension of £. coli B, and incubated with aeration at 37 
overnight. One bottle was harvested. The culture in the 
other bottle was centrifuged, washed and suspended in 
salts medium. An inoculum of 4-2 ml. was added to each 
of three towers containing 174 ml. of salts medium with 
glucose (2 mg./ml.). The lag period was 120 min., which 
has been omitted on the graph. Turbidity curves were 
approximately the same for the three towers: only the 
curve for tower IIT is shown (@). Cell counts of towers I, 
II and III are indicated by O, A 
Cultures were harvested at the times indicated by the 
arrows. Enzyme activities of the extracts of the washed 
pellets are shown in the bar graphs, cross-hatched for 
PGD and filled in for G 6-PD. The number of doublings 
of turbidity (measured with a 420 my filter in the Klett 
photometer) at the time of harvest is indicated by 
log, T/T). 


and (J respectively. 
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ao ADAPTATION OF GLUCOSE 6-PHOSPHATE DEHYDROGENASE 


DISCUSSION 


We might interpret these data on an adaptive- 
enzyme basis, a teleological basis or on feed-back 
inhibition. The fact that casein hydrolysate pro- 
duced no decrease in G 6-PD and PGD when glucose 
was also present with salts medium would indicate 


that the amino acids do not exercise the role of 


More 
experiments, especially kinetic ones, are needed to 


feed-back control of these dehydrogenases. 


show whether RNA prepared from F. coli can act 
as feed-back control. 

The experiments of Fowler & Cohen (1948) on 
the effect of the medium on bacteriophage synthesis 
by EL. coli B are relevant to the present work. When 
bacteria which had been grown on nutrient broth 
were infected in a synthetic medium containing 
either lactate or glucose the formation of new virus 
was delayed and the burst size was less than one- 
tenth of that in nutrient broth. Addition of amino 
acids and nucleic acid derivatives to the mineral 
medium allowed a burst size approximately the 
same as that in broth. The formation of the virus 
involves synthesis of protein and of DNA at a 
rate faster than that of the normal bacterial syn- 
thesis. On transfer from nutrient broth to mineral 
medium time is required for the production of the 
enzymes which synthesize the components pre- 
viously supplied by the nutrient broth, and virus 
infection may inhibit this new enzyme production. 
However, the cell can use preformed amino acids 
and purines for virus synthesis. Extracts of cells 
grown in salts-and-glucose medium and infected 
with virus in the same medium had shown no 
significant change in the ratio of G 6-PD to PGD 
(Scott, 1956a). These were cells infected with Tr* 
strains of bacteriophage, by which early lysis was 
inhibited. 

Re-interpretation of these data from a kinetic 
viewpoint shows that at 15, 20 and 30 min. after 
infection with phage there was an increase in both 
dehydrogenases. After that the enzyme activities 
usually decreased in the extracts of these infected 
cells. The decrease of enzyme which was found to 
occur after 30 min. may well have been due to loss 
of enzyme into the medium from the injured cells, 


‘ especially when there had been an attempt to wash 


them. These data, though not definitive, may 
indicate an increased synthesis of enzyme in 
response to the need for more of the components of 
the virus, or no increase of the G 6-PD and PGD but 
a loss of other protein from cells which were made 
more permeable by the virus infection. 





429 


There is also the phenomenon of increased for- 
mation of G 6-PD in bacteria exposed to dinitro- 
phenol (Scott, 1956a) and some heterocyclic com- 
pounds with a nitro group. This may be in response 
to a need for reduced triphosphopyridine nucleo- 
tide, the other product of G6-PD activity, for 
reactions involved in detoxication of nitro com- 
pounds. On the other hand, supply of glucose to 
cells which have not been using glucose can also 
lead to adaptive increases of hexokinase in a 
glucose-utilizing mutant of Pseudomonas putre- 
faciens (Klein & Doudoroff, 1950), and in EZ. coli of 
at least one enzyme dealing with, glucose 6-phos- 
phate, the dehydrogenase. Adaptive increase of 
enzymes dealing with galactose and galactosides is 
well known, even to produce substances which 
cannot be used in further metabolic reactions 
(Cohn, 1957). 

Perhaps it is possible that there is a time or a 
function for both mechanisms, adaptive enzyme 
formation in response to the presence of inducer 
and adaptive increase in response to need for the 
products. 


SUMMARY 


1. The activity of glucose 6-phosphate dehydro- 
genase in cell-free extracts is decreased during the 
growth of Escherichia coli in medium containing 
nutrient broth hydrolysate without 
glucose. The ratios of glucose 6-phosphate de- 
hydrogenase to 6-phosphogluconate dehydrogenase 
ranged between 0-6 and 1-3. 

2. When glucose is present in the medium, the 
activity of glucose 6-phosphate dehydrogenase is 
increased relative to 6-phosphogluconate dehydro- 
genase and the ratios range between 1-4 and 2-7. 


or casein 
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Effect of Ethanol on Rat-Liver Ribonucleoprotein Previously i 
Exposed to Cold Trichloroacetic Acid ; me 
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Department of Pediatrics, University of Buffalo School of Medicine and the Statler Research Laboratories tio 
of the Children’s Hospital, Buffalo, New York, U.S.A. an 
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The separation of liver ribonucleic acid and deoxy- severed and the liver excised. The livers were rinsed in the rec 
ribonucleic acid from the associated protein suspending sucrose medium, blotted dry and placed in a a 
E ; : F ee ek sa Sg ta ge nen 00 
material without hydrolysis can be accomplished chilled steel meat press. The expressed. liver pulp from om 
, ° . groups of three to four animals was then rapidly weighed cipl 
by a salt-extraction procedure described by : . } . oe 
- = agg ; on a chilled watch glass and transferred to a chilled “0 
Barnum & Huseby (1950). This method, based on : ‘ ; : ; i 30) 
; : Rand. 1956: C. U Potter-Elvehjem-type, plastic-plug homogenizer. A 10° ‘ 
ribose recovery (Lowe & Rand, 1956; C. U. Lowe & homogenate was prepared in cold 0-25M-sucrose con fugi 
> > y an d-anene ‘ . nanarats Pe » 2no oe ‘ a . 2.2 
P. R. Venkataraman, in preparation), yields 80% — taining 0-18 m-calcium chloride (Hogeboom, Schneider | 24 
of the total ribonucleic acid of normal liver homo-  & Striebich, 1952; Takagi, Hecht & Potter, 1956). Unless, chlo 
genate or cell fractions. When ribonucleic acid was _ otherwise stated, all further operations were carried out it chlo 
isolated by a salt-extraction procedure (described a cold room maintained at 1—2°. wert 
in the text) comparable with that of Tyner, Heidel- Preparation of cytoplasmic fraction. The homogenate was | - 
sai ; oon Gee Sasleit as ‘ astic S wx in a centrifuge subsi 
berger & LePage (1953), which utilizes an initial distributed in 18 ml. plastic tubs 8 und mn mee ntrifug B 
: ras . : ; ee (International, model CM) with a horizontal yoke (no. 240) >). 
treatment of the liver homogenate or cytoplasmic : ; : oes fa 
s ; ; ; 3 ; : at 600g for 10 min.; the supernatant was carefully separ- ract 
fraction with trichloroacetic acid followed by ex- $e Ct ie : a und 
; +} ; ; 1 etl et] 3. ] : ated from the debris with a bulb pipette and reconstituted | ! 
re 20D with etnano! and et aw ether (9 wie with the homogenizing medium to maintain a 10% sus lo t 
the yield, as measured by ultraviolet spectrophoto- pension of the liver pulp. cont 
metry and content of ribose and total phosphorus, 1-21 
as reduced to 62-53% of the total content. The an ‘ of th 
was reduc 1 to 62—53 % of the total content. The Chesca wnat | ae 
apparent discrepancy between these two pro- _— 
3 E a , : . 800 
cedures was more obvious in the cytoplasmic Total nucleic acid. Portions of the homogenate or cyt g 
; f : . ° . . : : tam . - = was | 
fraction, and these observations motivated a plasmic fractions (2 ml.) were mixed with 5 ml. of 5% ss 
yay ; : ; ; Utd nendlin. ghtl etienndl well 4 entrifyced | Soluti 
detailed investigation to trace the possible source of (w/v) trichloroacetic acid, ee = contrifiaged odiu 
. . ; immediately for 10 min. at 800 g. The resulting precipitate} ° 
loss of nucleic acid by the latter method. It was ae ‘ a i ‘ & I : 2 The i; 
f sla ila Mal tl ; + alee 1 af was washed four times with 5 ml. amounts of cold 5% 
oun¢ la 1e Hirst ethanol extract obtained aiter : . . ; i 
Pree : ; s 1 Pre trichloroacetic acid, and the residue was extracted with hot} ' P 
ses Serato of nucleoprotein to cold tric loroace MC trichloroacetic acid by the method of Schneider (1945 dui 
acid contained appreciable amounts of ribonucleic without prior removal of the phospholipids (Webb & Levy, Altho 
acid-like material. If, after exposure of the 1955). This extract was analysed for ribose as described b ethan 
nucleoprotein to cold trichloroacetic acid, ethanol Brown (1946) and deoxyribose by the diphenylamine{ ™ 
. . . . . Py pes 
treatment was omitted, extraction of the precipi- reaction (Dische, 1930). ' a 
: : : : . . . : is : Peg: me An 
tated nucleoprotein with hot 10% sodium chloride Isolation of sodium nucleate after removal of acid-solub btai 
. : . . subs “pe enholim Or. . Portions )OTAaIN 
solution, after neutralization of the excess of ubstances and phospholipids (procedure Ay. 3 ruons ialor 
ie 3 . . B . 5 yf cenate . as : fraction were pipetted , 
trichloroacetic acid, restored the vield of ribo- ( > mil.) ¢ homogen ati or cytopla mi¢ frac or ey tl 
] id t | l of 802 f tk ; tal { { into 5ml. of cold 5% (w/v) trichloroacetic acid, stirred ‘8 
nucleic acid to a level of 80 of the total content. . i ; ; oom , 
TI 1 = oe well and centrifuged immediately at 800 g for 10 min. The added 
e result »porte "eC é ar t I nasize é . ™m,.. : ; it 8 
1e results reported here appear to emphasize that supernatant was discarded. The residue was washed four| : 50) 
. le rote eV) : ange. 2, cs " ai +e ° . 10 ml 
ribonucleoprotein previously exposed to cold times with 7-8 ml. amounts of 5% cold trichloroacetic{ “Y™. 
trichloroacetic acid is solubilized by ethanol even acid, resedimented and the washings were discarded. The} “Wtabl 
in the cold. In contrast, deoxyribonucleic acid fourth acid wash was free of ultraviolet-absorbing material. nade ¢ 
protein appears to be unaffected. The acid-washed residue was cooled in an ice bath, stirred ‘am 
vigorously with 7-8 ml. of absolute ethanol and allowed to} ““™™ 
° ry ‘ re +11 derive 
YY PPR WIP stand in the ice bath for 10 min. The ethanol extract, which} “ved 
EXPERIMENTAL dp 
was transparent and dull brown, was separated by centri 


Male rats of the Wistar strain, 6-7 weeks old, 


Animals. 


fed ad libitum on Lab-Blox R diet (Allied Mills, Peoria, TIl., 
U.8.A.), were used in this study. 
for 24 hr. before being killed. 
Cellular disruption. At the time of killing, the animals 
were lightly anaesthetized with ether, the hepatic vein was 


All animals were fasted 


—— ‘ * 7 s} mi . 
fuging. The residue was once more suspended in 7-8 ml. of uxture 


cold absolute ethanol, stirred and centrifuged immediately 
This was followed by a similar treatment of the residue 
with absolute ethanol at room temperature. The ethanol 
treated residue was now heated twice with 8—10 ml. of 95° 
ethanol-ether (3:1, v/v), at 45—-50° for 1 min., the super 
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natant being discarded each time after centrifuging. The 


phospholipid-free residue was now stirred with 7-8 ml. of 


cold 0-9°% sodium chloride solution containing 3 mM- 
sodium bicarbonate (pH 7-8) and was centrifuged im- 
mediately. 8 ml. of the cold 


buffered 0-9% sodium chloride solution, the nucleoprotein 


After a second wash with 7 


residue was suspended in 5ml. of 10% (w/v) sodium 
chloride solution. The pH was adjusted to 7-0 by the addi- 
tion of dilute sodium hydroxide, phenol red being used as 
an internal indicator. Throughout extraction at 100° for 
30 min. the pH range was maintained at 7-0-7-4 by the 
addition of dilute sodium hydroxide solution. The mixture 
was chilled immediately in ice-water and centrifuged to 
recover the extract. The precipitate was re-extracted twice 
with 2-0-2-5 ml. of 10% (w/v) sodium chloride solution at 
100° for 5 min. each time. The sodium nucleate was pre- 
cipitated from the combined extracts by the addition of 
2-5 vol. of absolute ethanol. This was allowed to stand at 
30° for 18-22 hr. The precipitate was collected by centri- 
fuging, and washed three times with 7-10 ml. of a mixture of 
5 vol. of absolute ethanol and 1 vol. of 10% (w/v) sodium 
pH of the buffered 0-9% sodium 
and they 


chloride solution. The 
chloride washings ranged between 6-5 and 7-2, 
were free of ultraviolet-absorbing material. 
Isolation of sodium nucleate after removal of acid-soluble 
substances but without removal of phospholipids (procedure 
B). Portions (5 ml.) of homogenates or cytoplasmic 
fractions were treated with 5% (w/v) trichloroacetic acid 
and washed free of acid-soluble materials as in procedure A. 
To the residue, a cold solution of 0-9°% sodium chloride 
containing 0-1mM-sodium bicarbonate (pH 7-95) was added, 
A total of 7-8 ml. 
of this solution was added with stirring. 


1-2 ml. at a time, with vigorous stirring. 
Four drops of 
octan-2-ol were added, the mixture was sedimented at 
800 g and the clear supernatant was separated. The residue 
was suspended in 5ml. of 10% (w/v) sodium chloride 
solution, and the pH was adjusted to 7-0 with dilute 
sodium hydroxide, with phenol red as an internal indicator. 
The isolation of sodium nucleate was carried out exactly as 
in procedure A. The pH of 0-1M-sodium bicarbonate-0-9 % 
sodium chloride washings ranged and 5-9. 
Although the yield of obtained by 
ethanolic precipitation at 30° was not significantly different 


between 5:7 
sodium nucleate 
from that obtained at 0°, the speed of precipitation 
appeared to be enhanced at the lower temperature. 
Analysis of sodium nucleate. The washed sodium nucleate 
obtained by procedure A or B was dissolved in 8 ml. of cold 
water and freed of any insoluble residue by centrifuging at 
800g for 10 min. To 1 ml. of the nucleate solution was 
added 5 ml. of 3% (w/v) perchloric acid. This was heated 
it 80° for 30 min., cooled, centrifuged and diluted to 
after 


were 


and extinction determined 
All 
nade at 260 my unless otherwise specified. 

Isolation of ‘free’ To 6ml. of the chilled 


sodium nucleate solution, obtained as in previous steps and 


l0ml. Ribose 


suitable 


were 


dilution. measurements of extinction 


nucleic acid. 


lerived from approx. 360 mg. of tissue, 2 ml. of 12% (w/v) 


old perchloric acid was added with stirring, and the 
bath for 1 hr. The 


free’ nucleic acid was sedimented by centrifuging (800 g) 


mixture was allowed to stand in an icc 
r10 min. and washed twice with 2 ml. of cold 3% (w/v) 
perchloric acid. The sediment was hydrolysed with 5 ml. of 
3% (w/v) perchloric acid at 80° for 30 min., and the residue, 


fany remained, was hydrolysed after centrifuging for a 


EFFECT OF ETHANOL ON LIVER RIBONUCLEOPROTEIN 


further period of 5 min. at 80°. Any residue remaining was 
washed twice with 1 ml. amounts of 3% perchloric acid. 
The combined hydrolysate and washings were diluted to 
10 ml. with 3% perchloric acid. Ribose, deoxyribose, total 
phosphorus (Fiske & Subbarow, 1925) and extinction were 
determined on appropriate portions. Deoxyribose estima 
ribonucleic acid (RNA) from the 
plasmic fraction was carried out only as a means of checking 


tion on the ‘free’ cyto 
the effectiveness of the initial centrifugal separation of the 
homogenate into nuclear and cytoplasmic fractions. 
Examination of the first ethanol extract from procedure A. 
The first ethanol extract, obtained from homogenate or 
cytoplasmic fraction immediately after precipitati und 
washing with trichloroacetic acid was evaporated to dry 
ness in vacuo in a rotary Rinco Evaporator (The George 
sorg Corp., Wis., U.S.A.) at room temperature. The residuc 
was washed three times, first with 
light petroleum, 20 ml. of the solvent being used for each 


with ether and then 


wash. The residue in the evaporator was then steamed for 
5 min. after addition of 5-7 ml. of 3% (w/v) perchloric acid. 
When the film of material peeled off in a jelly-like mass it 
was transferred quantitatively, together with the per 
chloric acid to a 12 ml. centrifuge tube and heated at 80 
for 30 min. and centrifuged. The residue was extracted a 
second time with 2 ml. of 3% (w/v) perchloric acid at 80 
10 mi 
Samples were used for ribose analysis and the determina 


te was diluted to 


for 5 min. The pooled hydrolysa 
tion of extinction. 

In a separate the first 
residue remaining after ether and light petroleum washing 


experiment, ethanol-extract 


was treated with either water or 3% (w/v) perchloric acid 
at room temperature. Only an insignificant amount of the 
ultraviolet-absorbing material passed into the aqueous 
phase. The residue remaining after hydrolysis by 3% 
(w/v) acid at 
reaction. 


perchloric 80° gave a positive biuret 

Evaluation of nucleic acid phosphorus from ultraviolet 
absorption data. Measurements of extinction at 260 mp 
were made with a Beckman DK-1 recording spectrophoto 
meter adjusted to 100% 


lysed samples of sodium nucleate or 


transmission at 300 mu. Hydro 
free’ nucleic acid were 
prepared for absorption measurements by heating at 100 
in 3% (w/v) perchloric acid for 15 min. to abolish any e«, 
anomaly. The extinction at 260 mp was converted into 
EX ein 
obtained under similar conditions from an independent 


nucleic acid phosphorus by reference to values 
study (C. U. Lowe & P. R. Venkataraman, in preparation). 


Determination of nucleotide composition of the first 
ethanol extract from cytoplasmic fraction by paper chromat 
graphy. A portion (20 ml.) of the first ethanol extract 


derived from 400 mg. of fresh liver, obtained as in pro 


cedure A, was concentrated in vacuo and hydroly sed for 
lL hr. at 100° with 10 ml. of n-HCl. After the hydrolysate 
was centrifuged, the residue was washed with 1 ml. of 
N-HCI and the combined supernatants were diluted to 


12 ml., portions of 5 ml. were trat sferred to short 


mouthed weighing bottles and evaporated in vacuo to 


dryness over sodium hydroxide pellets. The residue was 


dissolved in 0-2—0:3 ml. of 0-1 N-HCl and portions (50 pl.) 


paper no. 1, 17 em. «56 em. 


were applied to Whatman 
Separation of the components was effected by descending 


chromatography with a 70% tert.-butanol-water mixture 
which was 0-8N with respect to HCl (Smith & Markham, 
1950). The amount of base or nucleotide eluted from the 
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chromatogram was determined by the procedure of Knight 
(1952). The molar extinction coefficients of the standards, 
with the values 


as taken from chromatograms, agreed 


quoted by Knight (1952). 


RESULTS 
The results are presented in Tables 1-4. Determi- 
nation of the total deoxyribonucleic acid (DNA) 
and RNA content RNA 
content of the cytoplasmic fraction was carried out 
according to Schneider (1945), after removal of 
acid-soluble substances, but without the removal of 
phospholipids (Webb & Levy, 1955). The values 
quoted in the present study (Table 1) are in general 
accord both with those of other laboratories 
(Barnum, Nash, Jennings, Nygaard & Vermund, 
1950; Schneider, Hogeboom & Ross, 1950) and 
those of a previous publication from this Laboratory 
(Lowe & Rand, 1956). No correction was applied 
for the interference of deoxyribose in the estima- 
tion of 
assumed to be constant in the present experiments. 
It is apparent from Tables 1 and 2 that 83% of 
total DNA of the homogenate could be recovered 
as ‘free’ nucleic acid, whether procedure A or B 
was used. The small difference noted in the DNA 
nucleic acid between the two 
procedures is not significant (0-05<P<0-1, by 
Student’s ¢ test). In contrast, the percentage of the 
total nucleic acid ribose found as sodium nucleate 
nucleic acid obtained by procedure A is 


of the homogenate and 


ribose, this source of error has been 


as 


content of the ‘free’ 


or ‘free’ 
only 62 and 53 for the homogenate and cytoplasmic 
fractions respectively. In the method which did 
not utilize ethanol (procedure B) 80% of total 
nucleic acid ribose could be recovered from either 


Table 1. Nucleic acid content of rat-liver 
homogenate and cytoplasm 


In Tables 1 
of the mean. 


3, values given are mean and standard error 
Figures in parentheses indicate the number 
of observations per experiment. Each observation is a 
mean of duplicate or triplicate analysis. Figures in brackets 
represent the number of separate experiments. 


Concn. 
(ug./g. of fresh liver) 
Homogenate 


Deoxyribose* 1200 +42 (10) [5] 

Liboset 4411+70 (10) [5] 
Cytoplasm 

Ribose 3629 + 72 (10) [5] 


* Deoxyribose as determined by the diphenylamine 
reaction, and hence a measure of DNA. 

+ The estimated value for ribose has been doubled to 
allow for the non-reaction of ribose bound to pyrimidines; 
it is assumed that purine and pyrimidine ribosides are 
present in equimolar amounts. 
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the homogenate or cytoplasmic fraction. The 
nucleic acid ribose values of either sodium nucleates 
or ‘free’ nucleic acids, obtained from homogenate 
and cytoplasmic fraction by procedure A, are 
respectively 31 and 38 % lower than those obtained 
by procedure B. These differences are statistically 
significant (P < 0-001). The differences in the ribose 
values between those of sodium nucleate and ‘free’ 
nucleic acid for any one sample did not vary, on an 
average, by more than 6%. The action of ethanol 
on nucleoprotein samples previously exposed to 
cold trichloroacetic acid involves a concomitant 
loss of nucleie acid phosphorus and ribose. Thus for 
whole cytoplasm, the total 
phosphorus content of sodium nucleate and ‘free’ 
nucleic acids are respectively 24 and 41% lower 
than those of the samples in which ethanol treat- 
ment had been eliminated. These differences in the 


homogenate and 


phosphorus values are also significant (P <0-001). | 


For homogenate, the loss of nucleic acid phos- 
phorus can be ascribed entirely to loss of RNA, 
since DNA remains virtually unaltered. The values 


for phosphorus of sodium nucleates and ‘free’ | 


nucleic acid generally agree, on average, within 
5% of those calculated from the _ ultraviolet- 
absorption data. 

Extinction units and ribose content of the first 
ethanol extract from procedure A are presented in 
Table 3. Irrespective of whether the homogenate 
or cytoplasmic fraction is used, the same quantity 
of ultraviolet-absorbing material and ribose is 
found in the first ethanol extract. This fact indi- 
cates that the material soluble in ethanol is of cyto- 
plasmic origin. Treatment of cytoplasmic nucleo- 
protein as in procedure A with 95 % ethanol releases 
into the ethanolic phase amounts of ultraviolet: } 
absorbing material and ribose identical with those | 
obtained with absolute ethanol. However, when 
80 % (v/v) ethanol was used the amount of nucleic 
acid material dissolved was reduced by 50%. It is 
readily apparent from Tables 2 and 3 that the 
quantity of ribose found the first ethanol 
extract is approximately equal to the nucleic acid 
ribose that failed to appear as sodium nucleate or 
‘free’ nucleic acid. Nucleic acid phosphorus esti- 
mation on the perchloric acid hydrolysate of th 
first ethanol-extract residue could not be carried 
out because of by phospholipid 
phosphorus, but it is evidence from results pre- 
sented in Table 2 as well as from the chromato- 
graphic analysis of the first ethanol extract that 
nucleic acid phosphorus was present. The second 
and third ethanol extract obtained under these 
conditions contained only 15 and 7 % respectivel} 
of the total extinction units and ribose of the first 
ethanol extract. The ethanol-ether washings were 
virtually free of ultraviolet-absorbing material and 
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The result of chromatographic analysis of the 
hydrochloric acid hydrolysate of the first ethanol- 
extract residue derived from a cytoplasmic fraction 
as in procedure A is presented in Table 4. No 
corrections were made for the small amount of 
hydrolysis of pyrimidine nucleotides, as suggested 
by Markham & Smith (1951). The methods adopted 
do not take into account the different extinctions 
of the ‘a’ and ‘b’ isomers of nucleotides which are 
present. Since hydrolysis with hydrochloric acid 
in the present case was carried out on crude 
material rather than on purified polynucleotides, 
the values quoted for nucleotide composition in 
Table 4 must be viewed with some reserve. 
Despite limitations, the results of chromatographic 
analysis afford evidence which helps to correlate 
other observations presented in this paper. It is 
apparent that the first ethanol-soluble fraction of 
cytoplasmic origin contains the four ribonucleotides 
usually present in a cytoplasmic polynucleotide. 
In the two experiments reported here an average of 
4-3 umoles of ribonucleotides/g. of liver is found in 
the first ethanol fraction. This figure is in reason- 
able agreement with the approximately 5-2 »moles 
of ribonucleotide/g. of liver calculated from the 
data in Table 3. 


DISCUSSION 


The term ‘free’ nucleic acid referred to in this 
paper signifies the polynucleotide obtained by pre- 
cipitation of sodium nucleate from water with 
3% (w/v) perchloric acid at 2—4°. To facilitate the 
analysis of ‘free’ nucleic acid, it is generally made 
soluble with 3% (w/v) perchloric acid at 80°. 
Results obtained in the present study suggest 
that cytoplasmic ribonucleoprotein of liver, pre- 
viously exposed to cold trichloroacetic acid, is 
dissolved by ethanol in the presence of acid with 
appearance of material which contains ribose, and 
shows characteristic ultraviolet absorption, in the 
ethanolic phase. Chromatographic evidence is 
presented to show that the ultraviolet-absorbing 
material and ribose in the ethanolic phase reflect 
the presence of the four common ribonucleotides of 
adenine, guanine, uracil and cytosine. Further 
studies are necessary to describe completely the 
chemical nature of ethanol-soluble nucleotides. 
Preliminary observation indicates that the four 
nucleotides appear to be firmly bound to what is 


the use of ethanol after exposure to trichloroacetic 
acid has been omitted, the ethanol-soluble nucleo- 
tides appear in association with ‘free’ RNA. 

The precise manner by which ethanol in the 
presence of acid exerts a solublizing effect on liver 
ribonucleoprotein is obscure. The stability of 
deoxyribonucleoprotein under the experimental 


28 


EFFECT OF ETHANOL ON LIVER RIBONUCLEOPROTEIN 


3 


€ 
< 


1 





Cale.* 


O4 





Nn 
_ 
oe 
~— 


166 


= 
ea 


906 + 


OD] 





Total phosphorus 


9 


Found 
(6) [2] 
22% 

9 


Procedure B 
48 


+84 


Ribose 
3906 + 
(8) [2] 
3196 
(8) [2] 
1043 





Deoxyribose 


0 


+] 
(14) [4] 
(16) [4] 


Cale.* 
402+10 


Oo 
— 
+H 
© 
@ 
of 


ov 
~~ 
— 
© 
= 
~— 


(14) [4] 
693 +- 


€ 


19 


Total phosphorus 


— ao NS SF 


Found 
(6) [2] 


714 


354+ 12 


(8) [2] 


6 
9 


by two different procedures 


+5 


+ ov. 


Procedure A 
+42 


(16) [4] 


> 


9 


(14) [4] 
) [4] 


5€ 


Ribose 


2693 

(14) [4] 
2010- 
1884+. 47 
(1 


3] 


1021+ 26 


(12) [ 





Deoxyribose 
, at 260 mp, obtained from an independent study (C. U. Lowe & P. R. Venkataraman, in preparation). 


+ All mean differences are significant, P <0-001, except for DNA, where it is 0-05 <P <0-10. 


%P 


n1 
“lcm. 


+ between A and B 


Offect of ethanol on the amount of sodium nucleate and ‘free’ nucleic acid obtained from rat-liver homogenate and cytoplasm 
nucleic acid 
* Calculated from 


E 
‘encet between A and B 


nucleic acid 





’ 


nucleic acid 


Table 2. 


Sodium nucleate 
Mean diffe 
for ‘free 
Sodium nucleate 
‘Free’ nucleic acid 
Mean difference 
for ‘free 


Homogenate 
‘Free 


See notes in Table 1. All values are given as yg./g. of fresh liver. Procedure A: nucleoprotein precipitated by trichloroacetic acid and washed immediately with 
Cytoplasm 


ethanol; procedure B: nucleoprotein precipitated by trichloroacetic acid and ethanol wash omitted. 
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Table 3. Effect of various concentrations of ethanol 
on the amount of ribose and ultraviolet-absorbing 
material in the first ethanol extract obtained im- 
mediately after exposure of liver nucleoprotein to 
cold trichloroacetic acid 


See notes in Table 1. 
observed extinction at 260 mp 


Extinction units = ————___—_ 
. g. of fresh liver 


Ribose 
(ug-/g. of Extinction 
fresh liver) units 
Homogenate 
Absolute ethanol 875+51 4942-7 
(16) [4] (16) [4] 
Cytoplasm 
Absolute ethanol 905 +69 5242-0 
(16) [4] (16) [4] 
95% (v/v) Ethanol 980+83 5143-6 
(12) [5] (12) [5] 
80% (v/v) Ethanol 472432 2842-0 
(9) [4] 


(10) [4] 


Table 4. Nucleotide composition of the first absolute 
ethanol extract of liver cytoplasm obtained after 
precipitation of nucleoprotein with cold tri- 
chloroacetic acid 


Values are means, from duplicate chromatograms, 
calculated by assuming the molecular weight of the 
respective nucleotide. 


Expt. 1 Expt. 2 

(umoles/g. of fresh liver) 
Adenylic acid 1-12 0-86 
Guanylic acid 1-23 1-00 
Cytidylic acid 1-13 0-85 
Uridylic acid 1-27 1-21 


conditions of this study is consistent with the 
observations of Sacks, Hurley & Young (1955). 
Whether cold ethanol in the presence of acid 
exerts a solublizing action on the ribonucleoproteins 
of other rat tissues has not been examined. 
Methods comparable in several respects with 
procedure A have been widely used in nucleic acid- 
tracer studies (Davidson & Smellie, 1952; Tyner 
et al. 1953; Deluca, Rossiter & Strickland, 1953), 
where emphasis has been placed more on isolation, 
in contradistinction to estimation, procedures. In 
these isolation procedures it has hitherto been 
assumed that the treatment of trichloroacetic acid- 
or perchloric acid-precipitated nucleoprotein with 
95% ethanol involved no loss of RNA. It was 
pointed out by Herbert, Potter & Hecht (1957) 
that the use of 95 % ethanol, immediately after the 
perchloric acid precipitation of liver nucleoprotein, 
involved a loss in the yield of nucleic acid isolated 
by subsequent extraction with hot 10% (w/v) 
sodium chloride solution. Consequently, Schneider 
& Potter (1958) eliminated the use of ethanol after 
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j 
j 
| 


dilute perchloric acid treatment of liver-cell | 


fractions, but instead extracted the acid-precipitated 
nucleoprotein with 10% (w/v) sodium chloride 
solution after neutralization with potassium 


hydroxide. The modified procedure of Schneider & 


Potter (1958) would be comparable with procedure 
B of this paper. However, these investigators do 
not appear to have considered a solubilizing effect 
of ethanol on ribonucleoprotein previously ex- 
posed to acid. 


SUMMARY 


1. Nucleoprotein was obtained from a homo- 
genate or cytoplasmic fraction of rat liver by pre- 
cipitating with dilute trichloroacetic acid. When 
extracted either with cold absolute ethanol or 95% 
(v/v) ethanol partial solubilization of ribonucleic 
acid protein occurred in the presence of acid with 
simultaneous appearance of what seemed to be a 
lipoprotein—polynucleotide complex in the ethanol 
phase. 

2. In contrast, deoxyribonucleic acid protein 
under similar conditions is not apparently affected. 

3. Evidence is presented to suggest that the 
ribonucleic acid protein susceptible to the solu- 
bilizing action of ethanol in the presence of acid is of 
cytoplasmic origin. 

4. Chromatographic analysis of the hydrolysate 
of the first ethanol extract of ribonucleoprotein 
precipitated with trichloroacetic acid indicates the 
presence of adenine, guanine, uridylic acid and 
cytidylic acid. 

5. When the liver nucleoprotein, obtained by 
precipitation and washing with dilute trichloro- 
acetic acid, is extracted with cold absolute ethanol, 
the yield of ribonucleic acid obtained by subsequent 
extraction with 10% (w/v) sodium chloride solu- 
tion is significantly reduced. 

6. The loss in the yield of ribonucleic acid can be 
avoided by eliminating the extraction of ribo- 
nucleoprotein with absolute ethanol after precipita- 
tion with trichloroacetic acid. 

7. These observations have obvious implications 
in nucleic acid-tracer studies. 
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The Role of Cytoplasmic Ribonucleic Acid in the Incorporation of 
Amino Acids into Microsomal Proteins 


By R. RENDI* anp P. N. CAMPBELL 
Courtauld Institute of Biochemistry, The Middlesex Hospital Medical School, London, W. 1 


(Received 11 November 1958) 


An incorporation of labelled amino acids into 
microsomal proteins dependent on the continuous 
presence of adenosine triphosphate occurs in vitro 
in the presence of the soluble cytoplasm (cell sap) 
(Zamecnik & Keller, 1954). If the cell sap is 
brought to pH 5-2 a fraction (pH 5 fraction) is 
precipitated which can replace the whole cell sap, 
provided that guanosine triphosphate and an 
energy-generating system are present (Keller & 
Zamecnik, 1956). It has been shown by Hoagland, 
Keller & Zamecnik (1956) that this fraction con- 
tains enzymes which activate the carboxyl groups 
of the amino acids in the presence of adenosine 
triphosphate. More recently it has been found that 
the ribonucleic acid of the pH 5 fraction (pH 5 
RNA) binds the labelled amino acids in the 
presence of adenosine triphosphate (Hoagland, 
Stephenson, Scott, Hecht & Zamecnik, 1958). If 
the pH 5 RNA labelled with the amino acid is 
isolated and incubated with microsomes, the 
labelled amino acid is transferred to the micro- 
somal protein without its prior release. This re- 
action is catalysed by enzymes present in the pH 5 
fraction which are called, therefore, transferring 
enzymes. In summary, it has been postulated that 
in the incorporation of amino acid into microsomal 
proteins the free amino acid is first activated, then 
bound to the pH 5 RNA and finally is transferred 
to the microsomes. 

Sachs (1957) has fractionated the cell sap in 
order to determine the nature of the substances 
responsible for facilitating the incorporation of 
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amino acids into protein. He attempted to remove 
the nucleoproteins contained in the cell sap by the 
addition of protamine and obtained, after further 
purification, an active fraction designated S- 
protein. It was of interest to determine whether in 
this fraction too there was a metabolically active 
ribonucleic acid. It has been found that S-protein 
contains no more than trace amounts of ribonucleic 
acid. Liver microsomes in the presence of S-protein 
appear, therefore, to incorporate amino acids by a 
process which is independent of the presence of 
pH 5 RNA. 

Recently it has been shown that the carboxyl- 
group activation of methionine is inhibited by the 
addition of ribonucleic acid to the incubation 
medium (Rendi, Di Milia & Fronticelli, 1958). 
Since the pH 5 fraction contains appreciable 
quantities of ribonucleic acid it seemed possible 
that this fraction might inhibit amino acid activa- 
tion as a result of a binding between the pH 5 RNA 
and the enzymes. Evidence will be presented in 
support of this hypothesis. 


MATERIALS AND METHODS 


Chemicals. Adenosine triphosphate (ATP; dipotassium 
salt) and guanosine triphosphate (GTP; sodium salt) were 
obtained from Sigma Chemical Co., St Louis, Mo., U.S.A. 
Solutions were brought to pH 7-8 (indicator papers) with 
KOH. The barium-silver salt of phosphoenolpyruvic acid 
(PEP) was prepared by the method of Ohlmeyer (1951). 
A solution of the free acid was prepared shortly before use 
and was adjusted to pH 7-8 (indicator papers). Glutathione 
(GSH) was obtained from The Distillers (Biochemicals) Co. 
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Ltd., Liverpool. The compounds were dissolved and 
adjusted to pH 7-8 (indicator papers) with KOH. PEP- 
kinase, obtained from C. F. Boehringer und Séhne, 
Mannheim, Germany, was dialysed against twice-distilled 
water and diluted so that the protein concentration was 
1 mg./ml. Protamine sulphate (from herring) was obtained 
from L. Light and Co. 

Radioactive acids. Uniformly labelled [C}- 
glycine, L-[C]alanine and L-["“C]leucine were obtained 
from The Radiochemical Centre, Amersham, Bucks. 

Tissues. Spleen and liver were obtained from Wistar 
albino rats fed on stock diet, weighing 150 g. Rats bearing 
transplantable Murphy lymphosarcoma were obtained 
from the Imperial Cancer Research Fund Laboratories, 
Mill Hill, London, N.W. 7. 

Tissue preparations. (1) Microsomes. Tissues were homo- 
genized with 2-5 vol. of a medium containing 0-01 M- 
MgCl,, 0-03mM-KHCO,, 0-025M-KCl, potassium phosphate 
(KH,PO,-K,HPO,; 1:9) buffer, 0-02m at pH 7-8, and 
0-35M-sucrose, in an all-glass Potter homogenizer. The 
suspension was centrifuged for 10 min. at 12 000g at 2°. 
The supernatant was centrifuged in a model L Spinco pre- 
parative centrifuge (no. 40 rotor) for 50min. at 105 000 g,, . 
The surface of the resulting microsomal pellet was washed 
with 1 ml. of medium and suspended in 0-4 ml. of medium/g. 
of original tissue for liver and 0-4 ml./2 g. of original tissue 
for spleen, by gentle homogenization. 

(2) pH 5 fraction. The supernatant from the microsome 
pellet (cell sap) was brought to pH 5-2 (glass electrode) by 
the dropwise addition of M-acetic acid. The precipitate was 
spun down and suspended in 0-5 ml. of medium/g. of 
original tissue. 

(3) S-Protein. The S-protein was prepared from the cell 
sap by the method of Sachs (1957), involving protamine 
and ethanol precipitation and finally treatment with 
charcoal. The final precipitate was dissolved in 0-01 M- 
potassium phosphate buffer, pH 7-8. In some cases this 
was used without dialysis (non-dialysed), but usually the 
S-protein was dialysed for 4 hr. at 0° against 0-1 mm-GSH 
and 0-1 mm-ethylenediaminetetra-acetic acid (EDTA) as 
described by Sachs (1957). 

(4) Ribonucleic acid (RNA). pH 5 RNA from liver and 
spleen pH 5 fractions were prepared by the phenol method 
as described by Hoagland et al. (1958). With the same 
method RNA was prepared from the deoxycholate- 
insoluble fraction of liver microsomes prepared by the 
method described by Littlefield, Keller, Gross & Zamecnik 
(1955). 

Ribonucleic acid and protein determinations. pH 5 
fraction and S-protein were precipitated with 5 vol. of 
0-4n-HCIO,, washed twice with 0-2Nn-HCIO,, twice with 
CHCl,-ethanol-ether (1:2:2), once with ether and dried. 
The RNA was then extracted with hot 0-4n-HCIO, and 
the amount determined by its absorption at 260 mp as 
described by Hoagland et al. (1958). In some cases an 
alternative method for the determination of RNA was 
used. The HCIO, precipitate after treatment with organic 
solvents was heated (90°) for 20min. with 5% (w/v) 
trichloroacetic acid and the amount of RNA extracted 
estimated by the orcinol method of Mejbaum (1939). The 
residual protein was dried and weighed. 


amino 


Method of incubation. To study the incorporation of 


amino acids into the cytoplasmic fractions alone, both 
kinds of preparations (pH 5 fraction, or S-protein) were 
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gently shaken for 10 min. in air at 37°. The incubation 
mixture contained 10 umoles of ATP, labelled amino acids 
and medium to bring the total volume to 1 ml. For in- 
corporation studies in the presence of microsomes the 
latter were incubated under a continuous stream of 
N, + CO, (95:5) at 37° and gently shaken for 30 min. in a 
total volume of 1 ml. The incubation mixture contained 
lpmole of ATP, 10umoles of PEP, 0-25yumole of GTP, 
labelled amino acids, PEP-kinase and pH 5 fraction or S- 
protein. 


Preparation of material for determination of 
radioactivity of ribonucleic acid or protein 

The radioactivity of the RNA was determined by the 
method of Hoagland (personal communication). The 
proteins and RNA were precipitated with 5 vol. of 0-4y- 
HC1O,, washed three times with 0-2N-HCIO,, twice with 
CHCIl,-ethanol-ether (1:2:2), once with ether and dried. 
The radioactivity of this material was determined. The 
RNA was then in some cases extracted with 0-4N-HCIO, at 
90° for 20 min. The radioactivity of the residual protein 
was again determined. 

If, after incubation, it was necessary to separate the 
microsomes, the suspension was centrifuged for 50 min. at 
105 000 g,,.. The supernatant was rejected and the proteins 
of the microsome pellet were precipitated with aqueous 5% 
(w/v) trichloroacetic acid. They were then treated with hot 
trichloroacetic acid and organic solvents according to the 
method of Zamecnik, Loftfield, Stephenson & Steele (1951) 

Measurement of radioactivity. The proteins were counted 
at infinite thickness on 0-28 cm.? stainless-steel disks in a 
Tracerlab SC-16 windowless flow counter. The protein was 
compressed on the disk with a stainless-steel pestle as 
described by Busch, Simbonis, Anderson & Greene (1956). 
The counting procedure was as previously described 
(Campbell & Greengard, 1959). 


RESULTS 


Binding of labelled amino acids to 
ribonucleic acid of pH 5 fraction 


An energy-dependent binding of labelled amino 
acids to the pH 5 fraction of liver, spleen and 
lymphosarcoma was found (Table 1). Since most 
of the radioactivity could be readily extracted by 
hot HClO, the amino acids were presumably 
bound to the RNA. It will be seen that alanine is 
incorporated to the same extent into liver or 
spleen pH 5 RNA, whereas the incorporation of 
leucine is twice as high in liver as in spleen. There 
are three possible reasons for this. First, the 
enzymic activity for leucine may be higher in the 
liver extract, secondly, the number of binding 
sites for leucine in liver pH 5 RNA may be higher 
than in spleen and, finally, the ratio of RNA to 
protein may be higher in liver pH 5 fraction than 
in spleen. The last explanation is excluded by the 
results of the determinations given in Table 2. It 
will be seen that the RNA/protein ratios for the 
liver and spleen are similar. The use of the term 
RNA should be explained. The figures in Table 2 
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Table 1. Incorporation of labelled amino acids into ribonucleic acid of purified fractions 


of the cell sap of different tissues 


Samples (0-7 ml.) of the fractions were incubated with 1 uc of labelled amino acids with and without 10 wzmoles of ATP 
for 10 min. at 37°. The protein and RNA were precipitated with 5 vol. of 0-4N-HCIO, and treated as described in the 
Methods section. The radioactivity is expressed as counts/min. at infinite thickness/0-28 cm.? in the windowless flow 
counter. Values in parentheses are the radioactivities of the proteins after extraction of the RNA with 0-4N-HCIO, at 90° 


for 20 min. 








Glycine Alanine Leucine 
pH 5 fraction Control Plus ATP Control Plus ATP Control Plus ATP 
Liver 12 55 (4) 14 90 (17) 16 553 (17) 
Spleen 17 42 12 89 (16) 19 240 (13) 
Lymphosarcoma - -- - _— 9 98 (4) 
Table 2. Protein and ribonucleic acid content of e 
; ae . @ 
pH _ 5 fractions of the cell sap of different tissues g 280 A 
RNA S 240 
Protein A » 
(mg./g. of (mg./g.of  (yg./mg. c 
pH 5 fraction fresh tissue) fresh tissue) of protein) < 200 
Liver 0-070 22 S sua . 
Spleen 0-060 23 ¢ 
Lymphosarcoma 0-093 18 £ 
2 120 
c 
Table 3. Effect of dilution on the incorporation 8 90 
of (4C]glycine into liver pH 5 ribonucleic acid ay 
The pH 5 fraction was incubated for 10 min. at 37° with > 40 
luc of [#4C]glycine and ATP as indicated and the final 8 
volume brought to 1 ml. with medium. For expression of > (0 
the results see Table 1. 2 1 2 3 4 
14 ' 
Incubation conditions Radioactivity Amount of [/"C]glycine (wc) 
pH 5 Fraction (0-75 ml.) 40 Fig. 1. Effect of the concentration of [™C]glycine on its 
pH _ 5 Fraction (0-75 mi.) + 10 wzmoles of ATP 98 incorporation into the RNA of the diluted (curve A) and 
141 undiluted (curve B) pH 5 fraction from rat liver. For 


pH 5 Fraction (0-45 ml.) +10 umoles of ATP 
are based on the absorption of the solutions at 
260 mp multiplied by a suitable factor given by 
Hoagland et al. (1958). These authors have justified 
their use of the term RNA and, since the same 
methods of extraction and estimation have been 
used in the present work, it has seemed convenient 
to use the same nomenclature. 


Enhancement of incorporation into 

pH 5 ribonucleic acid by dilution 
If liver pH 5 fraction is diluted with the buffer 
medium and incubated with the same amount of 
[“C]glycine and ATP the incorporation into pH 5 
RNA is increased (‘Table 3). This may be due to the 
fact that more labelled amino acid is present for the 
same amount of RNA or to the presence of an 
inhibitor which effective the diluted 
system. When the pH 5 fraction is incubated with 
increasing amounts of [#4C]glycine (Fig. 1) it can be 
seen that the RNA in both the diluted and un- 
diluted fractions becomes increasingly labelled as 
the concentration of [!C]glycine is increased. If 
the extent of labelling of the RNA in the two 
systems is compared when the ratio of the amounts 


is less in 





curve A 0-4ml., and for curve B 0-8ml., of pH5 
fraction was incubated for 10 min. at 37° with various 
amounts of [C]glycine and 10yumoles of ATP, the 
volume of the mixture being brought to 1 ml. by the 
addition of medium in each case. 


Table 4. Effects of potassium fluoride and ethylene- 
diaminetetra-acetic acid on the incorporation of 
labelled glycine into pH 5 ribonucleic acid of liver 
A sample (0-7 ml.) of pH 5 fraction of liver was incubated 

in a final volume of 1 ml. with the compounds cited in the 

table, and with 1 uc of [“C]glycine, for 10 min. at 37°. 

the expression of the results see Table 1. 


For 


Addition Radioactivity 
None 19 
10 pmoles of ATP 73 
10 pmoles of ATP + 25 umoles of KF 57 
59 


10 umoles of ATP + 0-5 umole of EDTA 


of RNA to [#C]glycine present in the incubation 
mixture is the same, it will be seen that the RNA in 
the undiluted system (B) is less active than in the 
diluted system (A). 

Since these results seemed to exclude the possi- 
bility that the enhancement of incorporation by 
dilution was due to a change in the ratio of RNA to 
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the concentration of [14C]glycine, it seemed likely 
that an inhibitor was present. To determine 
whether this inhibitor was adenosine triphosphatase 
(ATPase) the effect of fluoride, which inhibits the 
activity of this enzyme but has no effect on amino 
acid activation (Rendi et al. 1958), was studied. As 
is seen in Table 4 the inclusion of fluoride in the 
medium did not enhance the incorporation. Higher 
concentrations of ATP were also without effect. 
These results suggest that ATPase is not the in- 
hibitor involved. The failure of EDTA to enhance 
the incorporation suggests that the inhibitor is not 
a metal ion. 


Requirements for amino acid incorporation into 
liver microsomes in the presence of S-protein 


Sachs (1957) has shown that amino acids are in- 
corporated into microsomal protein in the presence 
of a purified fraction of the cell sap (S-protein). The 
results in Table 5 are in agreement with those of 
Sachs and show an energy-dependent incorporation 
of [}4C]leucine. Sachs also reported that the 
presence of glutathione in the medium enhanced 
the incorporation in the presence of dialysed but 
not undialysed S-protein. These results were also 
confirmed. 

When the RNA content of the liver S-protein 
was determined by the orcinol method it was 
found that it contained less than 2 ug. of RNA/mg. 
of protein. In view of this it was of interest to 
determine the effect of adding isolated pH 5 RNA 
to the system. As shown in Table 5 such an addi- 
tion enhanced the incorporation, especially with 
the non-dialysed preparation. The amount of RNA 
added (40 ug.) was such that the RNA content of 
the medium was restored to about the same level as 
in the experiments with pH 5 fraction (Table 1). 


Role of ribonucleic acid in systems 
containing S-protein 


In view of the almost complete absence of RNA 
in S-protein it was not surprising that when pre- 
parations of S-protein were incubated with [#C]- 
leucine ATP was without effect on the incorpora- 
tion of radioactivity into the HClO, precipitate 
(Table 6). Moreover, the slight incorporation that 
did take place under these conditions was not in- 
fluenced by subsequent extraction of the precipitate 
with hot HCIO,. It was then of interest to deter- 
mine whether the [!4C]leucine would be incorpor- 
ated into pH 5 RNA when a preparation isolated 
from the cell sap was incubated with S-protein and 
ATP. The results shown in Table 6 indicate that the 
[?4C]leucine was incorporated into the pH 5 RNA. 
The presence of glutathione increased the in- 
corporation with dialysed S-protein, but had little 
effect with non-dialysed S-protein. 
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Effect of glutathione on incorporation in 
the presence of dialysed pH 5 fraction 


In view of the effect of glutathione on the in- 
corporation of leucine into systems involving 
dialysed S-protein the effect of glutathione with 
other fractions of the cell sap was studied. Camp- 
bell & Greengard (1959) have shown that gluta- 
thione does not enhance the incorporation of 
[44C]leucine when liver microsomes are incubated 
with whole cell sap. Similar results were obtained 
when pH 5 fraction was used. It seemed possible 
that this was because the pH 5 fraction had not 
been dialysed. The pH 5 fraction was therefore 
dialysed under the same conditions as were used 
for the S-protein and the effect of glutathione on 
the incorporation of [!4C]leucine into liver micro- 
somes incubated with this dialysed fraction was 
then studied. The results shown in Table 7 indicate 
that glutathione either has an inhibitory effect or is 
without effect. Dialysis of the pH 5 fraction against 
EDTA enhances its activity, but this activity was 
not further increased by dialysis against glutathione. 


Table 5. Incorporation of [14C]leucine into liver 
microsomes in the presence of dialysed and neoa- | 
dialysed S-protein 


Samples (0-4 ml.) of liver-microsome suspension (see 
Methods section) and 0-3 ml. of S-protein from liver were 
incubated with lyumole of ATP, 10yumoles of PEP, 
0-25 umole of GTP, PEP-kinase and the additions cited, in 
a final volume of 1 ml. for 30 min. at 37° under an atmo- 
sphere of N, +CO, (95:5). In the control PEP and PEP- 
kinase were omitted. The proteins were precipitated with | 
5% trichloroacetic acid and washed and counted as 
described in the Methods section. For the expression of the 
results see Table 1. 

S-Protein 


A 


Additions Dialysed Non-dialysed 
; . 
Control 7 é 
None 124 59 
1-2 nmoles of GSH 205 28 
1-2 umoles of GSH + 251 107 


40 pg. of pH 5 RNA 


Table 6. Incorporation of [}*C]leucine into 
ribonucleic acid in S-protein preparations 


Volumes (0-7 ml.) of S-protein (prepared as described in 
the Methods section) with 10 moles of ATP were incubated 
in a total volume of 1 ml. for 10 min. at 37°. In the control 
ATP was omitted. After incubation the protein and RNA 
were precipitated by the addition of 0-4N-HCIO,. The 
precipitate was treated and its radioactivity determined as | 


sscribed for > 1. 
described for Table 1 Dinlysed  Non-dialyeed 
Additions S-protein S-protein 
Control 28 15 
None 26 (25) 14 (14) 
40 yg. of pH 5 RNA 112 80 
40 ug. of pH 5 RNA 169 (30) 91 (18) 


1-2 umoles of GSH 
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Effect of ribonucleic acid on incorporation 
into microsomes 


> in- Rendi & Campbell (1959) have shown that when 
ving | spleen microsomes are incubated with pH 5 
with fraction the incorporation of leucine is greater 
mp- when the pH 5 fraction is derived from liver 
luta- (181 counts/min.) than from spleen (125 counts/ 
n of recs 
ated Table 7. Incorporation into liver microsomes of 
ined [4C]leucitne in the presence of dialysed pH 5 
sible | —_fraction 
1 not 2 , ; 7 
Volumes (0-4 ml.) of liver microsomes were incubated 
efore with 0-3 ml. of the different pH 5 fractions, 1umole of 
used | TP, 0-25 umole of GTP, 10umoles of PEP, PEP-kinase 
re on | and lye of [C]leucine with and without 1-2umoles of 
11cro- GSH. For the expression of the results see Table 1. 
| Wee Preparations of pH 5 fraction Control Plus GSH 
mons pH 5 fraction dialysed against 587 496 
L or is phosphate 
pains pH 5 fraction dialysed against 677 531 
y oe | phosphate and EDTA 
none. | pH 5 fraction dialysed against 684 689 
phosphate and EDTA and GSH 
| liver = ote 
1 noa- | Table 8. Incorporation of [4C]leucine into spleen 
microsomes in the presence of pH 5 fraction from 
mn (see spleen and increasing amounts of spleen pH 5 
or were ribonucleic acid 
PEP, A suspension of spleen microsomes (0-4 ml.) and 0-3 ml. 
ited, in | of pH 5 fraction was incubated together with various 
—_= amounts of pH 5 RNA obtained from spleen, anaerobically 
dt EP. | for 30 min. at 37° with 0-50 of [C]leucine, 1 umole of 
ed with | ATP, 10umoles of PEP, 0-25yumole of GIP and PEP- 
ited 48 | kinase. The total volume of the mixture was brought to 
n of the | | ml. with medium. For the expression of the results see 
Table 1. 
a Amount of 
Jialysed pH 5 RNA present Radioactivity of 
ere e (ug-) microsomal proteins 
B 40 207 
98 133 227 
07 200 256 
Table 9. Effect of various ribonucleic acid fractions 
nto on the extent of incorporation of labelled leucine 


ns into liver microsomes in the presence of liver 
S-protein 


cribed in 

rcubated Volumes (0-4 ml.) of microsome suspension and 0-3 ml. 
e control | of the undialysed S-protein from liver (see Methods section) 
nd RNA | were incubated with lpmole of ATP, 0-25 umole of GTP, 
1O,. The | l0umoles of PEP, PEP-kinase, and lye of [C]leucine 


mined as | with 40 ug. of the different RNA fractions. For the incuba- 
tion and the expression of the results see Table 1. 


-dialysed 

protein Radioactivity 

ss Additions of protein 

5 

4 (14) None 171 

0 Liver pH 5 RNA 232 

1 (18) Spleen pH 5 RNA 96 
Liver microsome RNA 240 
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min.). It has been shown above that leucine in- 
corporation into pH 5 RNA is twice as high when 
the pH. 5 fraction is derived from liver as when it is 
derived from spleen. This difference could be due 
to a paucity in the leucine-binding sites on spleen 
pH 5 RNA, compared with liver pH 5 RNA. 

If this were the reason for the enhanced effect of 
liver pH 5 fraction on leucine incorporation into 
spleen microsomes enrichment of spleen pH 5 
fraction with spleen pH 5 RNA might be expected 
to increase the incorporation into microsomes. The 
results shown in Table 8 indicate that this is the 
case, although the increase is not proportional to 
the amount of pH 5 RNA added. 


Tissue specificiiy of effect of ribonucleic 
acid added to S-protein 

It has already been shown (Table 5) that the 
addition of pH 5 RNA enhances the incorporation 
into liver microsomes in the presence of undialysed 
S-protein. To test the specificity of the activity of 
this fraction, the effect of liver and spleen pH 5 
RNA on the incorporation of [4C]}leucine into liver 
microsomes in the presence of undialysed liver S- 
protein has been studied. As may be seen in 
Table 9, whereas liver pH 5 RNA enhances the 
incorporation, spleen pH 5 RNA inhibits it. The 
effect of adding the RNA isolated from the deoxy- 
cholate-insoluble fraction of liver microsomes 
(Littlefield et al. 1955) to the system was also 
determined. It will be seen (Table 9) that this 
fraction replaces pH 5 RNA from liver. This 
effect may be due to contamination of microsomal 


RNA with pH 5 RNA. 


DISCUSSION 


Hoagland et al. (1958) were the first to demonstrate 
that the ribonucleic acid (RNA) contained in the 
fraction of the cell sap precipitated at pH 5-2 plays 
a role in the transfer of free amino acids to micro- 
somal protein. This finding raised a number of 
points, some of which it has been the purpose of 
this paper to investigate. 

First, it is of interest to know if the pH 5 RNA is 
a necessary intermediate in the transfer of amino 
acids to the microsomes, or whether it is merely a 
storage site for activated amino acids. Secondly, 
since the enzymes responsible for the carboxyl- 
group activation of the amino acids are present in 
the pH 5 fraction it is important to know if an 
association occurs between them and the pH 5 
RNA. Finally, the tissue specificity of the pH 5 
RNA has been studied. 

The fraction of the cell sap (S-protein) which 
Sachs (1957) used in his studies on the incorpora- 
tion of amino acids into microsomal proteins is 
prepared from a supernatant of the sap after the 
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addition of protamine. Since protamine precipi- 
tates nucleic acids the system microsomes plus 
S-protein appeared to present the opportunity of 
studying amino acid incorporation in the absence of 
pH 5 RNA. In fact the proportion of RNA to 
protein in S-protein is negligible compared with 
that of the pH 5 fraction. 

As reported by Sachs it was possible to enhance 
the incorporation of [#4C]leucine into microsomes in 
the presence of S-protein by the addition of 
glutathione, but only when the S-protein was 
dialysed. Since S-protein catalysed the incorpora- 
tion of leucine into added isolated pH 5 RNA 
(Table 6), S-protein apparently contains the 
leucine-activating enzyme. The effect of gluta- 
thione could therefore be due to the 
activating in liver, like the tyrosine- 
activating enzyme from yeast (van de Ven, 
Koningsberger & Overbeek, 1958), being a sulp- 
hydryl enzyme. 

It has been shown previously (Rendi et al. 1958) 
that yeast RNA inhibits the formation of methio- 
satalysed by the methionine- 


leucine- 
enzyme 


nine hydroxamate 
activating enzyme of rat liver. It seemed possible 
that the RNA in the pH 5 fraction might cause a 
similar inhibition. Evidence that the pH 5 
fraction contains an inhibitor for the incorporation 
of amino acid into pH 5 RNA has been presented. 
However, there is no direct evidence at present 
that the inhibitor is RNA. In this connexion it is 
interesting that Lipmann (1958) has found that 
‘polynucleotide factor’ isolated from the pancreas 


a 


inhibits the incorporation of tryptophan into the 
nucleotide bound to tryptophan-activating en- 
zyme. 

There is one further observation which concerns 
the nature of the binding between the activated 
amino acids and RNA. It has been shown that 
S-protein contains the acid-activating 
enzymes, for this fraction catalyses the incorpora- 
tion of amino acids into pH 5 RNA. However, 
after the treatment of the cell sap with protamine, 
adjustment of the supernatant to pH 5-2 does not 
lead to the formation of a precipitate. This, of 
course, is in contrast with the situation with whole 


amino 


cell sap from which the enzymes are precipitated at 
pH 5-2. It is tempting to postulate that under 
these latter conditions the precipitate contains 
amino acid-activating enzymes bound to pH 5 
RNA. 

The together 
those of Hoagland et al. (1958), suggest that amino 


above-mentioned results, with 
acid incorporation into microsomal protein can 
follow-two different routes. These may be repre- 
sented as shown in Scheme lI. 

In the presence of pH 5 fraction the incorpora- 
tion occurs through an RNA intermediate which is 
bound to the activating enzymes, whereas in the 
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presence of S-protein the incorporation appears to 
occur by a direct route, glutathione being required. 
Although as much cell sap as possible was removed 
from the microsomal pellets used in the experi- 
ments with S-protein it is still possible that some 
pH 5 RNA is present in the microsomes and that 
this permits incorporation through an RNA- 
bound intermediate. The existence of such a 
mechanism seems improbable on the basis of the 
with glutathione, since this substance 
inhibits the incorporation in the presence of the 
pH 5 fraction but enhances it when S-protein is 
present. The results of recent unpublished experi- 
ments with subfractions of the microsome pellet 
confirm that incorporation in the absence of an 
RNA-bound intermediate does occur. 

To explain the observed differences in the 


results 


extent of amino acid incorporation into liver and 
spleen preparations it was previously suggested 
(Rendi & Campbell, 1959) that the cell sap contains 
different amounts of enzymes and cofactors specific 
for the different In the present 
experiments the incorporation of both alanine and 
leucine into the pH 5 RNA from liver and spleen 
has been studied. The incorporation of leucine into 


amino acids. 


- os / ' 
spleen pH 5 RNA was found to be only 50 % of that 


into liver pH 5 RNA. This correlates well with the 
previous finding that the incorporation of leucine 
into liver microsomes was reduced by half if liver 
pH 5 fraction was replaced by spleen pH 5 fraction. 
Thus it appears that the step which accounts for 
the more active incorporation of leucine into liver 
microsomes by liver pH 5 fraction is the activation | 
of leucine and its binding to the pH 5 RNA. With} 
alanine the extent of incorporation into pH 5 RNA 
is the same in spleen and liver preparations} 
(Table 1). On the other hand, alanine is incorpor- 
ated into both liver and spleen microsomes to 4 


a v 
much smaller extent by spleen pH. 5 fraction than 


by liver pH 5 fraction. It seems probable, there- 


fore, that the transferring enzyme of alanine is less 


MICROSOMES 






S-protein Transferring 


enzymes 


pH 5 fraction 


RNA amino acid 


Activated 


amino acid 





Activating 
enzymes 


Glutathione?» 
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concentrated in the pH 5 fraction of spleen than in 
the pH. 5 fraction of liver. This would be in accord 
with the loss, during precipitation of the spleen 
cell sap at pH 5-2, of an active component for the 
incorporation of alanine into microsomal proteins 
(Rendi & Campbell, 1959). That adjustment to 
pH 5-2 does not precipitate all the enzymes con- 
cerned in the incorporation of amino acids has been 
demonstrated for the leucine-activating and 
-transferring enzymes by Zamecnik, Stephenson & 
Hecht (1958). 

In systems in which the pH 5 RNA acts as an 
intermediate the differences in the extent of in- 
corporation of amino acid into microsomal protein 
can be envisaged as occurring either by differences 
in the number of binding sites for amino acids on 
the pH 5 RNA or by differences in the rate of the 
enzymic reactions involved. Rendi (1959), using 
preparations of normal and regenerating liver, has 
shown that whereas the number of amino acid- 
binding sites in the pH 5 RNA of the liver prepara- 
tions is similar, the incorporation into the micro- 
somes is much greater in regenerating liver than in 
normal liver. The present results, which show that 
an increase in the amount of pH 5 RNA only 
slightly increases the incorporation into the micro- 
somes (Table 8), support the idea that the rate of 
the enzymic reactions is the predominant factor 
controlling the extent of incorporation into the 
microsomes. 

One of the aims of these experiments was to 
determine whether the factors in the cell sap of 
different tissues had some degree of specificity for 
the incorporation of amino acids. The fact that the 
cell sap from spleen and liver could be used for the 
incorporation of amino acid into microsomes of 
both tissues (Rendi & Campbell, 1959) suggested 
little tissue specificity. However, the inhibition by 
spleen pH 5 RNA of the incorporation of leucine 
into liver microsomes (Table 9), which may be 
explained by a trapping of the activated amino 
acids by the heterologous pH 5 RNA, suggests 
some degree of specificity. The influence of the 
tissue-specific components in the cell sap on the 
synthesis of well-characterized proteins in cell-free 
systems is at present being investigated. 


SUMMARY 


1. The incorporation of amino acids into the 
ribonucleic acid (RNA) of the fraction of the cell 
sap precipitated at pH 5-2 (pH 5 fraction) of liver, 
spleen and lymphosarcoma has been studied. 
Alanine is incorporated to the same extent into 
liver and spleen preparations, whereas leucine is 
more actively incorporated into liver pH 5 RNA. 

2. Dilution of the pH 5 fraction enhances the 


incorporation of amino acid into pH 5 RNA. 
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3. Ifthe cell sap is fractionated by the method of 
Sachs, which involves the removal of a precipitate 
formed by the addition of protamine, a fraction is 
obtained (S-protein) which promotes the incorpora- 
tion of acid into 
S-Protein contains no more than traces of RNA. 

4. When pH 5 RNA is added to S-protein the 
ability of this fraction to promote the incorporation 
of amino acid into microsomal protein is enhanced. 
Under these conditions amino acids are incorpor- 
ated into pH 5 RNA. 

5. Incorporation of leucine into 
protein in the presence of non-dialysed S-protein 
was not enhanced by glutathione. The reverse is 
true if dialysed S-protein is used. 

6. Although the addition of liver pH 5 RNA to 
liver S-protein enhanced the incorporation of 
amino acids into liver microsomes, spleen pH 5 
RNA had an inhibitory effect. 


amino microsomal protein. 


microsomal 
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Investigation of the Products of Metabolism after Incubation of 
Deoxycorticosterone with Rabbit-Liver Homogenate 
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(Received 27 November 1958) 


Although 21-hydroxypregn-4-ene-3:20-dione (de- 
oxycorticosterone) has been readily available for 
therapeutic purposes for many years relatively 
little is known about the metabolic fate of the 
steroid in animal tissues. The lack of interest in the 
metabolism of deoxycorticosterone may arise from 
the fact that the substance is thought to be present 
in only very small amounts, if at all, in the adreno- 
cortical secretion of higher animals (Hechter & 
Pincus, 1954). 
that administration of deoxycorticosterone results 
in an increased urinary excretion of 58-pregnane- 
3a:20«-diol (pregnanediol) in a number of species 
including man (Table 1). The isolation of labelled 
pregnanediol after administration of [21-!4C]de- 


It has been known for some time 


oxycorticosterone, as its acetate, to rabbits has 
more firmly established that, in rabbits at least, the 
pregnanediol is produced directly by reduction of 
the primary alcohol at C-21 and not by some com- 
pensatory response to the administered steroid 
resulting in release of precursors of pregnanediol 
(Heard et al. 1954). 

The only other established urinary metabolite of 
deoxycorticosterone is 3a:21-dihydroxy-5f-preg- 
nan-20-one, which has been isolated after ad- 
ministration of deoxycorticosterone to a patient 
with anterior-pituitary failure (Richardson, Touch- 
stone & Dohan, 1955). Eberlein & Bongiovanni 


(1956) isolated the same pregnanediolone from the 
urine of an 8-year-old girl with the hypertensive 
form of congenital adrenal hyperplasia, and they 
have suggested that this disease is characterized by 
absence or deficiency of adrenocortical ‘11£- 
hydroxylase’. This suggestion is supported by the 
fact that no 11-oxygenated C,, or Cy, steroids could 
be detected in the blood or urine of the patient. 
Thus the adrenocortical secretion in this condition 
is presumed to consist mainly of deoxycorticosterone 
and 17f8-hydroxydeoxycorticosterone (17a:21-di- 
hydroxypregn-4-ene-3:20-dione) instead of the 
corresponding 118-hydroxy derivatives, cortico 
sterone and hydrocortisone. 

The results of previous investigations of the 
metabolism of deoxycorticosterone in vitro, other 
than by adrenocortical preparations and micro- 
organisms (see Dorfman, 1957), are summarized in 
Table 2. The most comprehensive investigation is 
that of Schneider (1952), who isolated the products 
shown in Table 2 after incubation of deoxycortico- 
sterone with rat-liver slices; only steroids of the 
5a-pregnane series were isolated. Taylor (1954) also 
found that only 5«-pregnane derivatives could be 
isolated when progesterone was incubated with rat 
liver. Rabbit liver, however, converted pro- 
gesterone into a larger variety of metabolites, with 
5B-pregnane compounds predominating: the prin- 


Table 1. Metabolism of deoxycorticosterone in vivo 


Steroid 
Species administered 
Rabbit DOCA* 
Chimpanzee DOCA 
Human (with anterior DOC 
pituitary failure) 
Human {with adrenal Nil 
hyperplasia) 
Human DOCA 


Urinary metabolite 


5B-Pregnane-3«:20«:-diol 


5B-Pregnane-3a:20-diol 


3a:21-Dihydroxy-5f-pregnan-20-one 
3«:21-Dihydroxy-5f-pregnan-20-one 


5B-Pregnane-3a:20«-diol 


References 

Westphal (1942); Hoffman, 
Kazmin & Browne (1943); 
Heard et al. (1954) 

Westphal (1942); Horwitt, 
Dorfman, Shipley & Fish 
(1944) 

Richardson, Touchstone & 
Dohan (1955) 

Eberlein & Bongiovanni (1956) 


Horwitt et al. (1944) 


* 21-Acetoxypregn-4-ene-3:20-dione. 
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cipal metabolite was pregnanediol, the major end 
product of progesterone man 
(Taylor, 1955). 

The metabolism of deoxycorticosterone by 
rabbit-liver homogenate has now been investigated 
and the following metabolites (as well as unchanged 
deoxycorticosterone) have been isolated and 
characterized: 20«:21-dihydroxypregn-4-en-3-one 
and its 208-epimer; 3a:21-dihydroxy-5«-pregnan- 
20-one and its 3f-epimer; 3a:21-dihydroxy-5f- 
pregnan-20-one. Evidence is presented for the 
existence of other metabolites, including: 21- 
hydroxy-5a-pregnane-3:20-dione and its 5B-isomer ; 
68:21 -dihydroxypregn -4-ene-3:20-dione; three 
closely related substances whose properties indi- 
cate that they are probably (?):21-dihydroxy-5é- 
pregnane-3:20-dione and epimeric 3a:(?):21-tri- 
hydroxy-5é-pregnan-20-ones; and 5a- or 5f8-preg- 
nane-3a:20¢:21-triols. 

Preliminary accounts of part of this work have 
been published (Taylor, 1957a, 1958). 


metabolism in 


EXPERIMENTAL 


Experimental animals were male and female rabbits, 6-12 
months old, of various strains. Any livers which, on super- 
ficial examination, appeared to be diseased or abnormal 
were rejected. The incubation medium (referred to as 
phosphate-saline) was the calcium-free phosphate-saline 
described by Krebs & Eggleston (1940), except that the 
phosphate buffer was 0-25. 

In absorption chromatography neutral alumina (L. 
Light and Co. Ltd.) was deactivated by exposing it to an 
atmosphere saturated with water vapour at room temper- 
ature for 14 days. Silica gel for chromatographic analysis 
(British Drug Houses Ltd.) was washed with water, 
ethanol and finally ether and dried for 24 hr. at 110°. 
Paper chromatography was carried out at 21-1° by the 
method of Bush (1951) with the solvent systems shown in 
Table 3. For large-scale work Whatman no. 3 MM paper 
was used: satisfactory separations were achieved when up 
to 7 mg. of material was applied in a zone 0-5 cm. wide and 
15cm. long. Steroids were eluted from the developed 
papers by cutting the appropriate zones into pieces 2 cm. 
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Table 2. Metabolism of deoxycorticosterone in vitro 

Species Tissue preparation Metabolites References 

Rat Liver slices 21-Hydroxy-5«-pregnane-3:20-dione ; Schneider (1952) 
3a:21-dihydroxy-5«-pregnan-20-one; 
3f:21-dihydroxy-5a-pregnan-20-one; 
5a-pregnane-38:20€:21-triol 

Rat Liver perfusion 3-Oxoeti-4-enic acid (3-oxoandrost-4- Picha, Saunders & Green 
ene-178-carboxylic acid) (1952) 

Rat Liver perfusion Not isolated. Large number of Hechter, Solomon & Caspi 
a-ketols more ‘polar’ than DOC (1953) 

Rat Liver perfusion 68:21-Dihydroxypregn-4-ene-3:20-dione | Axelrod & Miller (1954) 

Pig Liver brei 20«:21-Dihydroxypregn-4-en-3-one Caspi et al (1956) 

Bovine Corpus luteum homogenate 208:21-Dihydroxypregn-4-en-3-one Hayano, Lindberg, Wiener, 


Rosenkrantz & Dorfman 
(1954) 


Table 3. Percentage composition (by vol.) of solvent 
systems used in paper chromatography 


Mobile phase Stationary phase 


Solvent —~- 

system Hexane Benzene Methanol Water 
I 100 — 80 20 
Il 90 10 80 20 
Ii 40 60 80 20 
IV 100 65 35 


square and allowing them to stand in the dark for 12 hr. 
covered with ethanol. The ethanol was decanted through a 
fine sintered-glass filter, and the paper was washed twice 
more with ethanol with 2 hr. intervals between washings. 
The combined ethanol solutions were evaporated to 5 ml. 
by vacuum-distillation at 45° and then passed through a 
column of silica gel (0-5 em. x 5 em.). The flask and column 
were washed with 3 x2 ml. of ethanol and the combined 
eluate and washings were evaporated to dryness. This 
method produced steroids still contaminated with material 
removed from the paper itself. In preliminary experiments 
it was found that washing the paper for 48 hr. with benzene 
and then ethanol by over-running in the chromatography 
tank did not result in a significantly less contaminated 
extract, and so this practice was abandoned. Steroids were 
located on the paper by the blue tetrazolium (BTZ) [3:3’- 
dianisole bis-4:4’-(3:5-diphenyl)tetrazolium chloride] and 
NaOH-fluorescence reactions as described by Bush & 
Willoughby (1957). Infrared spectra were determined on 
200-500 yg. of steroid in the form of a KCl micro-disk in a 
double-beam Perkin-Elmer 21C spectrophotometer over 
the range 700-4000 cm.-1. 

Reference steroids. Deoxycorticosterone (DOC) was 
prepared from a commercial preparation of its acetate 
(Organon Laboratories) by the method of Mattox & 
Kendall (1951), except that hydrolysis was carried out in an 
atmosphere of N, and the DOC was extracted from the 
hydrolysate with CHCl,. The residue obtained from the 
washed extract was crystallized three times from ether and 
had m.p. 143-144-5°; [«]7} +177+2° (c, 0-532 in ethanol) 
(Found: C, 76-3; H, 9-1; cale. for C,,;H 90,: C, 76-2; H, 
9-1%). 3:21-Diacetoxy-5«-pregnan-20-one was prepared 
by reduction (with H, in the presence of Pt) of an ethanolic 
solution of 21-acetoxypregn-5-en-3f-ol-20-one (supplied by 
Dr W. Klyne), followed by acetylation and crystallization 
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Table 5. Hydrolysis of this diacetate gave 38:21-dihydr- 
oxy-5a-pregnan-20-one which had m.p. 170-173°. Other 
steroids were gifts from the following: 21-hydroxy-5f- 
pregnane-3:20-dione, 2l-acetoxy-5f-pregnan-17«-ol-3:20- 
dione and 3f:21-diacetoxy-58-pregnan-17«-ol-20-one from 
Dr W. Klyne; 21-acetoxy-5«-pregnane-3:20-dione from 
Dr A. Zaffaroni, the free steroid being obtained by hydro- 
lysis; 3a:21-dihydroxy-58-pregnan-20-one from Dr W. R. 
Eberlein; 20«:21-dihydroxypregn-4-en-3-one and its di- 
acetate from Dr M. Hayano; 208:21-dihydroxypregn-4-en- 








3-one from Dr D. H. Peterson: hydroxylated derivatives of 


DOC; 7a, 15a and 158 from Dr A. Wettstein; 14a from 
Dr D. H. Peterson; 68, 118 and 17« from Dr J. K. Grant: 
6B8:21-diacetoxy-DOC from Dr M. Ehrenstein. 5a-Preg- 
nane-3f:208:21-triacetate (38:208:21-triacetoxy-5a-preg- 
nane) was the preparation described by Taylor (19575). 

Other materials and methods described in 
previous publications (Taylor, 1954, 1955). 


were as 


Incubation of deoxycorticosterone with suspension 
of disintegrated rabbit liver 


The experiment was conducted in six parts, a total of 
850 mg. of DOC being incubated with 777 g. (wet wt.) of 
rabbit liver. In a typical experiment 125 mg. of DOC was 
dissolved in 2-6 ml. of hot ethanol, 150 ml. of phosphate— 
saline at 95° was added and 15 ml. of the fine suspension of 
steroid obtained on cooling was added to each of ten 100 ml. 
conical flasks. The rabbit liver (116 g.) was homogenized 
for 2 min. at high speed in the Ato-Mix blender (Measuring 
and Scientific Equipment Ltd., London) with 100 ml. of 
phosphate-saline containing 2-5 g. of nicotinamide. The 
resulting suspension was filtered through two layers of 
gauze, made up to 175 ml. with phosphate-saline and 
added in 20 ml. portions to the reaction vessels containing 
the DOC suspension at 37°. The unstoppered flasks were 
shaken for 2 hr. at 37°. A neutral lipid extract was then 
prepared (Taylor, 1954) and the combined extracts from 
the six parts were separated into ketonic and non-ketonic 
fractions with Girard reagent T (Girard & Sandulesco, 
1936). After one such separation paper chromatography 
revealed that the non-ketonic fraction still 
appreciable material reacting with BTZ. Each fraction was 
treated with Girard reagent a second time, after which the 
non-ketonic fraction contained no BTZ-positive material. 
The ketonic and non-ketonic fractions were then treated 
with digitonin to yield 3f-hydroxy-ketonic and non- 
ketonic fractions (precipitated by 


contained 


digitonin) and 3a- 
hydroxy-ketonic and non-ketonic fractions (not precipi- 
tated by digitonin). As a control 800 mg. of solid DOC was 


Tabie 4. Weights (mg.) of fractions obtained after 
treatment of neutral lipid extracts with Girard 
reagent T and digitonin 


Total neutral lipids ‘Incubation’ ‘Control’ 


Ketonic fraction 


a-Hydroxy-ketonic 502 642 


B-Hydroxy-ketonic At Nil 
Non-ketonic fraction 
«-Hydroxy-non-ketonic 252 232 


B-Hydroxy-non-ketonic 45 53 
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from methanol. The properties of the product are shown in 
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added to tissue suspension (containing 800 g. of liver) which 
had been incubated previously for 2 hr. The neutral lipid 
extract was then fractionated in the same ‘manner as the 
incubation extract. The weights of the fractions obtained 
are shown in Table 4. 


RESULTS 
a-Hydroxyketonic fraction 


Paper chromatography in system III of a portion of this 
fraction, which weighed 502 mg., from the incubation 
experiment revealed the presence of at least eight sub- 
stances giving a positive reaction in the BTZ or NaQOH- 
fluorescence tests or in both (Fig. 1, strip 1). The fraction 
was dissolved in benzene and applied to a silica-gel column, 
which was then washed by gradient elution with benzene- 
ether followed by ether-ethyl acetate mixtures. Paper 
chromatography of portions of the eluates showed that the 
silica-gel chromatography had yielded three subfractions, 
A, B and C (indicated by the dotted lines on strip 1, Fig. 1). 
These could not be resolved further by adsorption chro- 
matography, and so large-scale chromatography on 
Whatman no. 3 MM paper was carried out. 

Subfraction A. This weighed 163 mg., and was eluted by 
benzene containing 0-50% of ether. Chromatography in 
system II indicated that four compounds were present 
(Fig. 1, strip 2). 

Substance Al had the same Ry as 3a:21-dihydroxy-5p- 
pregnan-20-one and weighed 27 mg. Two crystallizations 
from methanol-ether yielded 14 mg. of needles, m.p. 151 
152-5°, unchanged on mixing with 3a:21-dihydroxy-5f- 
pregnan-20-one (m.p. 151-153°). The isolated substance 
and the authentic steroid had identical infrared spectra, 
and therefore the identity of the metabolite was shown to 
be 3a:21-dihydroxy-5f-pregnan-20-one. 

Substance A2, which weighed 31 mg., was slightly less 
polar than Al: it reduced BTZ but did not absorb u.v. 
light. After acetylation it had the same RF, in system I as 
3B:21-diacetoxy-5«-pregnan-20-one, that it 
might be the 3«-epimer of this substance. Crystallization 
of the acetylated material from methanol yielded 20 mg. of 
fine needles, m.p. 161-164° [«]#}+92+2° (c, 0-523 in 
ethanol) (Found: C, 71-4; H, 9-0. Cale. for C,;H,,0;: ©, 
71-8; H, 9:1%). Schneider (1952) gives m.p. 164—165° and 
[x]? +94-5 in ethanol for 3x:21-diacetoxy-5a-pregnan-20- 


suggesting 


one. No authentic sample of this steroid was available for 
comparison, but the infrared spectrum of the isolated 
acetate showed a major band at 1732 (ester carbonyl) and 
1262-1232 cm.-', the 
presence of a 3-axial hydroxyl group. The isolated sub- 
stance, therefore was almost certainly 3a:21-dihydroxy-d2- 
pregnan-20-one. 

Substance A3 (57 mg.) gave positive reactions in the 
BTZ and NaOH-fluorescence tests and had the same Ry as 
DOC in systems II and III. Crystallization from ether 
yielded 35 mg. of crystals, m.p. 141-144°; mixed with 
authentic DOC (m.p. 143—144-5°) the m.p. was 140-143": 
[a]? +175+3° (c, 0-674 in ethanol) (Found: C, 76-1; H, 


a complex band at indicating 


8-97. Cale. for C.,;H90,: C, 76-2; H, 9-1%). Acetylation 
and crystallization from methanol yielded fine plates, 
m.p. 157-159°, unchanged on mixing with 21-acetoxy- 


pregn-4-ene-3:20-dione, m.p. 158-160°. The u.v. spectra of 
the isolated substance and of DOC in ethanol and conc. 
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H,SO, were identical. The isolated substance was therefore 
characterized as unchanged DOC. 

Substance A4 weighed 27 mg. and reduced BTZ. In 
systems I, II and III no separation of A4, 21-hydroxy-5a- 
and 21-hydroxy-58-pregnane-3:20-dione could be achieved, 
and the acetates of the three substances had the same FR, in 
system I. Both A4 and its acetate resisted crystallization. 


This evidence suggested that the material was a mixture of 


the 5a- and 58-dihydro derivatives of DOC. Alcoholic 
solutions of A4 and of mixtures of 21-hydroxy-5«- and 
21-hydroxy-5f-pregnane-3:20-dione were treated with 
dinitrobenzene-ethanolic KOH for 5 min. as described by 
Broadbent & Klyne (1954). The absorption spectrum of A4 
over the range 360-600 my corresponded closely with that 
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given by a mixture containing two parts of 21-hydroxy-5a- 
pregnane-3:20-dione to one part of 21-hydroxy-5f- 
pregnane-3:20-dione. Thus 21-hydroxy-5«-pregnane-3:20- 
dione (18 mg.) and its 58 isomer (9 mg.) were tentatively 
identified as metabolites. 

Subfraction B. This was eluted from the silica-gel column 
by mixtures containing 55-100 % of ether in benzene and 
weighed 72 mg. Chromatography in system LII (Fig. 1, 
strip 3) showed the presence of three substances positive in 
the NaOH-fluorescence test, but only one reduced BTZ. 
The substances were resolved by large-scale chromato- 
graphy by allowing system III to over-run for 8 hr. 

Substance B1 weighed 3-1 mg. and was positive in the 
BTZ and NaOH-fluorescence tests. In system IV B1 had 


3a-Hydroxy-ketonic fraction 


N 
> 





Strip no. 1 





Subfractions 
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Fig. 1. Paper chromatography of 3a-hydroxy-ketonic fractions. 
system III: vertical dotted lines denote subfractions obtained by chromatography on silica gel. 
Subfraction A in solvent system II: reference steroids: 3x-OH-58-H,DOC 

5B-H,DOC 

Strip 3. Subfraction B in solvent system III (8 hr. run): reference steroids: 20«- and 206- 

20a:21-dihydroxy-pregn-4-en-3-one and its 20B-epimer. Strip 4. Subfraction C in solvent system IV: 

15«:21-dihydroxy-pregn-4-ene-3:20-dione and its 158-epimer. Strip 5. 

Acetate of subfraction C in solvent system I: reference steroids: H,SA 

21-acetoxypregn-4-ene-3:20-dione; H,SA 


DOC = 21-hydroxypregn-4-ene-3:20-dione; 5a- and 
5B epimer. 
OH-DOC 


reference steroids: 15a- and 158-OH-DOC 


3:20-dione; DOCA 
Ref. 


reference steroids; O 


Strip 1. «-Hydroxy-ketonic fraction in solvent 
Strip 2. 
3a:21-dihydroxy-5B-pregnan-20-one ; 
21-hydroxy-5a-pregnane-3:20-dione and _ its 





21-acetoxy-17«-hydroxy-5f-pregnane- 
3B:21-diacetoxy-17«-hydroxy-5f-pregnan-20-one. 
“ . ” 5 


starting line; Z = solvent front. Open spots, NaOQH-fluorescence-positive; stippled 


spots, BZT-positive; black spots, BTZ- and NaOH-fluorescence-positive. 
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the same Ry as 6B- and 14a-hydroxy-DOC and was separ- 
ated from 7a«-, 11B-, 15«-, 158- and 17«-hydroxy-DOC. 
After acetylation at room temperature B1 and 68-hydroxy- 
DOC formed diacetates which had the same Ry values in 
system II, whereas, under the same conditions, 14«- 
hydroxy-DOC was acetylated only at C-21 and so was 
readily separated from Bl. Further support for the view 
that B1 might be 68-hydroxy-DOC was obtained when its 
Amax. (in ethanol) was found to be the same as that of 
authentic samples before (235 my) and after (236 mp) 
acetylation (see Dorfman, 1953). The acetylated material 
resisted attempts at crystallization and appeared to con- 
tain contaminating material from the paper. As a result 
the infrared spectrum did not provide conclusive evidence 
of its identity, but the spectrum showed complex bands 
in the ranges 1740-1675 (6B-acetoxy-4-en-3-one) and 
1240 cm. (acetoxy) similar to those shown by the 
authentic steroid. Therefore there is a fair degree of 
certainty that the isolated substance was 68:21-dihydroxy- 
pregn-4-ene-3:20-dione. 

Substance B2 weighed 37 mg. and had the same chro- 
matographic properties in system III as 20a-hydroxy-DOC. 
Two crystallizations from methanol yielded 19 mg. of 
material, m.p. 189-193°: mixed with authentic 20c- 
hydroxy-DOC (m.p. 189-192°) the m.p. was 189-191°. 
After acetylation the product had the same R, in system I 
as the diacetate of 20«-hydroxy-DOC, and crystallization 
yielded material m.p. 103—106°, unchanged on mixing with 
the authentic diacetate (m.p. 103-105°). The infrared 
spectra of the diacetates of B2 and 20a-hydroxy-DOC were 
identical, and therefore the isolated material was 20«:21- 
dihydroxypregn-4-en-3-one. 

Substance B3 (18 mg.) appeared to be the 208-epimer of 
B2, as judged by its chromatographic properties. Crystal- 
lization from methanol yielded 10 mg. of material, m.p. 
169-171°, unchanged on mixing with 208-hydroxy-DOC 
(m.p. 168-171°). The acetylated material, crystallized from 
ethyl acetate—hexane, had m.p. 154-157°, which was not 
depressed on mixing with 208:21-diacetoxypregn-4-ene- 
3:20-dione, m.p. 155-157°; the infrared spectra of the two 
diacetates were identical. The isolated material was there- 
fore 208:21-dihydroxypregn-4-en-3-one. 

Subfraction C. This weighed 37 mg., and was eluted from 
the silica-gel column by ether containing 25-100% of ethyl 
acetate, and by large-scale paper chromatography was 
resolved into three BTZ-positive substances. 

Substances Cl and C2, 3-0 and 2-1 mg. respectively, 
were more polar in system IV than was 15a-hydroxy-DOC, 
and after acetylation were less polar in system I than 
38:21-diacetoxy-58-pregnan-17«-ol-20-one (Fig. 1, strips 4 
and 5). The residues were dissolved in 0-5 ml. of warm 
acetone and allowed to stand at — 15° for 48 hr. The super- 
natant fluid was removed from the semicrystalline solids, 
which were washed with 2x0-2 ml. of cold acetone. 
Portions of the solids were removed for infrared analysis, 
the supernatant fluids were returned to their corresponding 
solids and the whole was evaporated to dryness. After 
acetylation the residues were treated with methanol 
hexane and portions of the solid residues so obtained were 
taken for infrared analyses. The spectrum of Cl had major 
bands at-3280 (-OH), 2900 (C-H), 1720 (carbonyl), 1050 
(C-OH) and 755cm.-1. The acetate of Cl showed no 
absorption due to free hydroxyl groups, but major bands 
were seen at 2900 (C-H), 1737 (2l-acetoxy-20-oxo), 1378, 
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and a simple band at 1243 cm. indicative of a 3-equatorial 
acetate. The spectrum of C2 was very similar to that of Cl 
except for a more pronounced shoulder on the carbony! 
band at 1713 and the absence of the band at 755 cm.—!. The 
spectrum of C2 acetate also closely resembled that of C] 
acetate; there were major bands at 1735 (21-acetoxy-20. ! 
oxo) (with a definite smaller band at 1678 which was 
absent from Cl acetate), 1378 and a simple band at 
1245 cm. (3-equatorial acetate). Substance C3 (0-8 mg.) 


was less polar than 158-hydroxy-DOC in system IV, and / 


the acetate was less polar than 21-acetoxy-17«-hydroxy-5- | 
pregnane-3:20-dione and slightly more polar than 2I- 

acetoxypregn-4-ene-3:20-dione in system I (Fig. 1, strips 4 

and 5). As a result of contamination from the paper the ! 
infrared spectra were poor, but C3 showed major bands at | 
3340 (-OH), 2900 (C—H) and 1700 cm.—! (20- and other oxo), 
The acetate showed no absorption due to free hydroxyl 


groups, but had major bands from 1700 to 1750 (3, 20 and > 


possibly 6-oxo) and smaller bands at 1469, 1385 and 
1236 cm.-!. The absence of significant absorption at 
that 3-acetoxy group was 


1245 cm. no 
present. 

The lack of reference compounds prevents any definite | 
conclusions being drawn about the identity of these sub- 
stances, but the properties described are consistent with 
the view that: (a) Cl and C2 were tetrahydro derivatives of } 
DOC having (i) an «-ketol side chain, (ii) 3a-hydroxy-5f 
configuration in ring A, and (iii) an extra hydroxyl group 
and forming an epimeric pair, with Cl, the more polar, 
having the equatorial conformation (cf. Savard, 1953); 
(b) C3 was a dihydro derivative of DOC having (i) an «-ketol 
side chain, (ii) an oxo group at C-3, and (iii) an extra oxo 
group (possibly at C-6) or a readily acetylated hydroxyl 
group. It can also be seen that Cl, C2 and C3 appear to 
bear the same chromatographic relationship to the 
hydroxy-DOCs as do Al, A2 and A4 to DOC. 

Paper chromatography of the «-ketonic fraction from 
the ‘control’ showed only one BTZ-positive and NaOH- 
fluorescence-positive spot with the same Ry as DOC. | 
Chromatography on silica gel yielded 379 mg. of DOC, 
which was identified as follows: m.p. 141-143°, unchanged 
on mixing with authentic DOC (m.p. 143-144-5°), [x] ?? + 
172+2° (c, 0-832 in ethanol) (Found: C, 76-2; H, 9-23. 
Cale. for C,,;H 3903: C, 76-2; H, 9-1%). The acetate melted at 
156-159°, unchanged on mixing with 21-acetoxypregn-4- 
ene-3:20-dione, m.p. 158-160° 


suggests 


~~ 


a-Hydroxy non-ketonic fraction 


This fraction from the ‘incubation’ experiment was 4 
dark-brown gum weighing 252 mg., which contained no 
substances giving a positive reaction in the BTZ and NaOH- 
fluorescence tests. One-tenth of the fraction was dissolved 
in toluene and divided into two equal parts A and B. To 
part B was added 50yg. of pregnanediol; then both parts 
were treated as toluene extracts of acid-hydrolysed urine | 
in the method of Klopper, Michie & Brown (1955), which is 
sufficiently sensitive to measure 50ug. of pregnanediol with 
reasonable accuracy. No pregnanediol was detected in 
part A, whereas 42yg. of the steroid was recovered from 
part B. A one-tenth portion of the «-non-ketonic material 
from the ‘control’, a dark-brown gum weighing 232 mg,, | 
was treated in the same way; 43yug. of pregnanediol was 
recovered from part B, but none from part A. Therefore it 
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can be concluded that no significant amount of pregnane- 
diol was present in this fraction. 

The remainder of the ‘incubation’ and ‘control’ 
fractions were dissolved in benzene and eluted from silica- 
gel columns with benzene-ether mixtures, and finally with 
methanol. Portions of all fractions were examined for 
formaldehydogenic substances by the method of Paterson 
& Marrian (1953). Only dark-brown gums containing no 
formaldehydogenic substances spread over a large number 
of fractions were eluted by benzene-ether. Each series of 
fractions was combined (‘incubation’, 163 mg.; ‘control’, 
172 mg.) and acetylated, and chromatography on silica gel 
showed that no significant change in chromatographic 
properties had occurred. Chromatography on alumina 
resulted in no resolution, the material appearing as brown 
gums spread over all fractions. 

The materials eluted from the first silica-gel columns by 
methanol were light-brown formaldehydogenic resins 
weighing 70 mg. (‘incubation’) and 52mg. (‘control’). 
Each was dissolved in 50 ml. of ethanol-water (7:3, v/v) 
and extracted three times with 5 ml. of hexane, the hexane 
being back-washed with 5 ml. of aqueous ethanol. The 
hexane extracts yielded brown gums from which no solids 
could be obtained by chromatography on silica gel or, after 
acetylation, on alumina. Evaporation of the aqueous 
ethanol yielded 33 mg. from the ‘incubation’ extract and 
23 mg. from the ‘control’. These were white resins con- 
taining formaldehydogenic substances. 

Chromatography of the ‘incubation’ 70% aqueous 
ethanol extract on silica gel gave two fractions containing 
formaldehydogenic substances: one was eluted by benzene 
containing 35-50% of ethyl acetate and the other by 
benzene containing 70-100% of ethyl acetate. When the 
‘control’ extract was chromatographed in the same way 
only one formaldehydogenic fraction, eluted by benzene 
containing 35-55% of ethyl acetate, was obtained. This 
material had the same properties as the corresponding 
fraction from the ‘incubation’ extract. Both were white 
waxes which were formaldchydogenic before, but not after, 
acetylation; their absorption spectra in conc. H,SO, were 
identical and showed no features characteristic of steroids. 
These properties suggest that the substances were mono- 
glycerides but no further characterization was attempted. 

The material from the ‘incubation’ extract eluted by 
benzene containing 70-100 % of ethyl acetate was a white 
solid weighing 4-7mg. which was formaldehydogenic 
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before, but not after, acetylation. After acetylation, 
chromatography on alumina yielded two fractions, «-NK 1 
and a-NK2, eluted by benzene. The spectra of the two 
substances in cone. H,SO, were identical with that of 
3f:208-21-triacetoxy-5a-pregnane. a-NK1 was a white 
solid weighing 2-7 mg. which resisted crystallization: its 
infrared spectrum showed major bands at 2940 (C—H) and 
1735 (ester carbonyl) and a complex band in the region of 
1224 indicative of a 3-axial acetate; minor bands were 
present at 1450, 1375 and 1045cm.-1. a-NK2 was a 
colourless gum which weighed 0-7 mg.; the infrared 
spectrum was very similar to that of «-NK1 except that 
the major band at 1240 cm.-! was simple, indicating the 
presence of a 3-equatorial acetate. These spectra were 
similar to that of 38:208:21-triacetoxy-5a-pregnane, which 
had major bands at 2920, 1715 and 1232 (simple) and 
minor ones at 1457, 1360, 1068, 1017 and 955 cm.—!. These 
findings suggest that the isolated substances were impure 
samples of 3:20:21-triacetates probably possessing the «- 
configuration at C-3 (not precipitated by digitonin), and 
that «-NK1 was the 5«-isomer and «-NK 2 the 58. 


B-Hydroxy-ketonic fraction 

This fraction weighed 44 mg. and was white and semi- 
crystalline. Paper chromatography in systems II and III 
showed the presence’ of one major component which 
reacted with BTZ and had the same R, as 38:21-hydroxy- 
5a-pregn-20-one. Two very faint BTZ-positive spots more 
slowly moving than the main spot were also seen, but by 
visual inspection these were considered to amount to less 
than 0-5% of the fraction and so isolation was not at- 
tempted. After acetylation of the fraction followed by 
crystallization from methanol, fine needles (25-5 mg.), 
m.p. 150—-152°, were obtained. Further treatment of the 
mother liquors yielded 3 mg. of less-pure material, m.p. 
148-151°. A comparison of the properties of the isolated 
material, of the substance prepared by hydrogenation of 
21-acetoxy-38-hydroxypregn-5-en-20-one (see Reference 
steroids, p. 443) and of the reported properties of 38:21- 
dihydroxy-5«-pregnan-20-one is shown in Table 5. The 
infrared spectra of the isolated and prepared steroid 
diacetates were identical in every respect. Therefore the 
major component of the f-ketonic fraction was 38:21- 
dihydroxy-5a-pregnan-20-one. 

No f-hydroxy-ketonic fraction was obtained from the 
‘control’. 


Table 5. Comparison of properties of substance isolated from B-hydroxy-ketonic fraction, of steroid obtained 
by reduction of 21-acetoxy-3B-hydroxypregn-5-en-20-one and of reported properties of 38:21-dihydroxy- 


5a-pregnan-20-one 


Free steroid Isolated 
M.p. — 
Diacetate 
M.p. 150-152° 


Mixed m.p. 


C, H analysis C, 71-7 
H, 9-0 
[a]p in CHCl, + 8642° 


(c, 0-620) 


* Schneider (1952). 
t Reichstein & Euw (1939). 


Prepared 


170-173° 


Reported 
170-171°* 
171-176°+ 


151-152° 151-153 


150-152° 


C, 71-8 Cale. for C,;H;,0; : 
H, 9-2 C, 71-7; H, 9-1% 
+8741° + 82-6°F 

(c, 0-783) + 88-3°S 


+ Kahnt, Meystre, Neher, Vischer & Wettstein (1952). 
§ Plattner, Heusser & Angliker (1946). 
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B-Hydroxy-non-ketonic fraction 

This fraction from the ‘incubation’ experiment weighed 
45 mg. and was white and semicrystalline. A quantitative 
Lieberman—Burchard reaction (Kerr & Bauld, 1953) 
showed that the material consisted entirely of cholesterol. 
Crystallization from ethanol yielded 36 mg. of irregular 
plates, m.p. 145-146°: mixed with an authentic sample of 
cholesterol (m.p. 145-147°) the m.p. was 144-146°. The 
acetate, m.p. 112-114°, did not depress the m.p. of 
authentic cholesteryl acetate (m.p. 113-114-5°). The ab- 
sorption spectra in conc. H,SO, over the range 230- 
550 mp of the isolated material and of cholesterol were 
identical. The isolated substance was therefore identified as 
cholesterol, and no metabolites of DOC were present. 

The ‘control’ B-hydroxy-non-ketonic fraction (53 mg.) 
yielded 41 mg. of cholesterol, identified as described above. 


DISCUSSION 


For convenience the results are summarized in 
Table 6; the amounts of the substances isolated as 
a percentage of the total DOC added in the 
‘incubation’ and ‘control’ experiments are also 
given. Because of the large number of steps in the 
purification procedure quantitative recovery of 
metabolites was not attempted. 

Large-scale incubation experiments with rat 
liver have been used for the study of the meta- 
bolism of DOC by slices (Schneider, 1952) and of 
progesterone by homogenate (Taylor, 1954). The 
metabolites isolated were closely related in being of 
the 5«-pregnane series only and in consisting almost 
entirely of dihydro and tetrahydro derivatives of 
the substrates reduced in ring A. Rabbit liver, on 
the other hand, converted progesterone into both 


W. TAYLOR 


1959 


5a- and 58-pregnane compounds, with the latter 
predominating, and the principal metabolite was 
pregnanediol, a hexahydro derivative of pro- 
gesterone reduced in ring A and at C-20 (Taylor, 
1955). This greater metabolic versatility of rabbit 
liver has now been shown to extend to DOC also 
(Table 6). 

There are, however, major differences in the 
types of compounds produced by rabbit liver from 
progesterone and DOC, the most striking being the 
almost complete absence of hexahydro reduced 
derivatives of DOC. That this is not the result of 
the lack of enzymes able to reduce the C-20 oxo 
group (‘C-20 oxo reductase’) is shown by the 
isolation of appreciable amounts of 20a- and 208- 
hydroxy-DOC. The possibility that the C-20 oxo 
reductases act only on DOC itself and not on 
reduced derivatives requires further investigation. 
Also the total weight of 5a-pregnane derivatives 
isolated exceeds that of the 58, whereas the reverse 
situation is found in the case of progesterone 
(Taylor, 1955). Others have found that closely 
related steroids may be metabolized to different 
products by the same tissue preparation. Thus 
Hubener, Fukushima & Gallagher (1956) found 
that the C-20 oxo group of 3a:118:17«:21-tetra- 
hydroxy-58-pregnan-20-one and 118:21-dihydroxy- 
pregn-4-ene-3:20-dione were converted predomi- 
nantly into the 208-hydroxy isomers by rat-liver 
homogenate, and 3a:17«:21-trihydroxy-5£-preg- 
nane-11:20-dione and 17«:21-dihydroxypregn-4- 
ene-3:20-dione mainly into the 20a-hydroxy deri- 
vatives (see also de Courcy & Schneider, 1956; 
Recknagel, 1957). 


Table 6. Steroids isolated from ‘incubation’ and ‘control’ experiments 


Steroid isolated 
21-Hydroxy-5a-pregnane-3:20-dione 
21-Hydroxy-58-pregnane-3:20-dione 
20a:21-Dihydroxypregn-4-en-3-one 
208:21-Dihydroxypregn-4-en-3-one 
3«:21-Dihydroxy-5«-pregnan-20-one 
38:21-Dihydroxy-5a-pregnan-20-one 
3a:21-Dihydroxy-5f-pregnan-20-one 
68:21-Dihydroxypregn-4-ene-3:20-dione 
21-Hydroxypregn-4-ene-3:20-dione 
Unidentified 

a-Hydroxy-ketonic C, 

C, 

‘8 
«-Hydroxy-non-ketonic 1 
9 


Totals 


From ‘incubation’ From ‘control’ 





‘ = 
As As 
Wt. percentage of percentage of 
(mg.) added DOC Wt. added DOC 
18 2-1* — “= 
9 1-0* ons > 
19 2-2 _- — 
10 1-2 _ — 
20 2°3 — —_ 
28-5 3°3 —_— aa 
14 1-6 a a 
3-1 0-47 — lie 
35 4-1 379 44-5 
3-0 0-4 _ - 
2-1 0-2 = _ 
0-8 0-1 — 
2-7 0-3 _— — 
0-7 0-1 a = 
165-9 19-5 379 44-5 


* Not separated: amounts of isomers estimated by method of Broadbent & Klyne (1954). 


+ Impure: not fully characterized. 
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Other differences e:xxist between the metabolism of possibly at 2, 18 and 19, are considered to be 
DOC in rat and rabbit liver and between the anabolic reactions, those at 6 and 16 are thought to 


metabolism of DOC and progesterone in rabbit 
liver, but interpretation of these would be specu- 
lative, for in the present investigation the use of 
paper chromatography and infrared spectroscopy 
full 
characterization of a number of minor metabolites 
which have by the 
methods used in the earlier investigations. Further- 


has facilitated the isolation and partial or 


would detection 





aped 


more, recent studies have shown that the livers of 
animals of different sexes differ in their metabolic 
activity in relation to the proportions of 38- and 
3a-hydroxy metabolites formed from androst-4-ene- 
3:17-dione and 5a-androstane-3:17-dione (Rubin 
1957). Also Forchielli & Dorfman (1956) have 
reported that 17«:21-dihydroxypregn-4-ene-3:20- 
dione can be converted into 5« or 58 Cy, and C,, 
steroids by two enzymes which can be separated 
from rat liver. Since in large-scale experiments 
with rat liver only 5«-compounds have been iso- 
lated, it would seem that not 
necessarily reflect the full metabolic 
activity of a tissue. 


such studies do 
potential 


The absence of pregnanediol from the metabolic 
products found in the present investigation is 
surprising, since this steroid is a metabolite of DOC 
in the rabbit in vivo, and especially since pregnane- 
diol has been found to be a major metabolite of 
progesterone in the rabbit in vivo and in rabbit 
liver in vitro. Possible explanations of this are 
that the liver of the animal does not contain the 
enzyme systems responsible for the reduction of the 
C-21 hydroxyl group, or that pregnanediol is 
formed but is metabolized further. Taylor (1956) 
found that incubation of pregnanediol, as its di- 
hemisuccinate, with rabbit liver resulted in the 
formation of 5£8-pregnane-3:20-dione and 3c- 
hydroxy-58-pregnan-20-one. Neither of these com- 
pounds would have been detected in the present 
investigation unless present in large amounts. 

It is well established that the adrenal cortex 
contains a number of enzyme systems responsible 
for the introduction of hydroxyl groups into C,, 
and C,, steroids mainly at the 118, 17« and 21 
positions and, to a lesser extent, at positions 68, 18 
and 19 (see Grant, 1955, for references). Other 
tissues, including liver, are also able to hydroxylate 
steroids. Schneider & Mason (1948) showed that 
38-androst-5-en-17-one is hydroxylated in the 16« 
position when incubated with rabbit-liver slices, 
and Ofner (1955) has suggested that hydroxylation 
of testosterone occurs in rat-liver mince. A number 
of C,, and C,, steroids (including DOC) have been 
shown to undergo hydroxylation at positions 2, 
68 or 16% when perfused through rat or dog liver 
Dorfman, 1957, for references). Whereas 
hydroxylations at positions 118, 17% and 21, and 


(see 


29 


be catabolic, preceding ring-opening and further 
degradation of the steroid nucleus. In the present 
investigation evidence has been presented which 
suggests that approximately 1% of the incubated 
DOC was converted into hydroxylated derivatives, 
one of which was tentatively identified as 6f- 
hydroxy-DOC while the remainder (C1-C3) were 
probably A-ring reduced derivatives of oxo- or 
hydroxy-DOC with the «-ketol side-chain intact. 
The failure to isolate such hydroxy compounds 
from the ‘control’ experiment does not necessarily 
that 
activity of the liver, for one would expect those 


prove these were formed by the enzymic 
compounds to be more readily detectable in the 
mixture of steroids from the ‘incubation’ extract 
than from the large excess of DOC present in the 
‘control’ extract. Therefore the possibility that the 
hydroxylations occurred non-enzymically during 
the incubation or isolation procedures cannot be 
ruled out. 

A wide variety of micro-organisms have been 
shown to possess steroid-hydroxylating enzymes 
(see Dorfman, 1957, for references), and therefore 
it is possible that the hydroxylated compounds 
isolated in the present study were produced as a 
result of microbiological contamination of the 
incubation mixture. 

Only about 20% of the incubated DOC was 
recovered as metabolites and unchanged DOC 
from the ‘incubation’ experiment, whereas 45% 
was obtained from the ‘control’. It is probable 
that this discrepancy is the result of the greater 
manipulative losses involved in the purification of 
the separate metabolites. It is possible that other 
compounds were formed which were not detected 
by the isolation procedures used. Thus etienic or 
etianic acids formed by removal of the C,, side 
chain, as stated by Picha, Saunders & Green (1952) 
to occur in rat liver, would have been removed 
during the preparation of the neutral lipid extract. 
Compounds not possessing the «-ketol side chain or 
the af unsaturated oxo group, such as 20:21- 
dihydroxypregnan-3-ones, would not have been 
detected unless present in large amounts. 

Richardson et al. (1955) and Eberlein & Bongio- 
vanni (1956) isolated 3«:21-dihydroxy-58-pregnan- 
treated with f- 
glucuronidase, and therefore it is possible that 
water-soluble conjugates of this type were formed 
during the ‘incubation’ experiment. That such 
conjugates can be formed in liver in vitro has been 
shown by Sie & Fishman (1957), and de Meio, 
Lewycka, Wizerkaniuk & Salciunas (1958) have 
demonstrated the of sulphuric acid 
esters of steroids in liver. No search for conjugated 


20-one from urine previously 


formation 


metabolites was made in the present investigation. 
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The results of experiments in vitro do not 
necessarily bear any relation to the metabolic fate 
of steroid hormones in the intact animal. Never- 
theless the present results show that the liver of the 
rabbit is able to convert DOC into a wide variety of 
substances, few of which have as yet been shown to 
be metabolites of the hormone in vivo. A compre- 
hensive study of the metabolism of DOC in man 
and animals involving analyses of urine and bile for 
metabolites of the type isolated in experiments in 
vitro might provide results of value in the investiga- 
tion of disorders of the adrenal cortex involving 
adrenocortical ‘11£- 


absence or deficiency of 


hydroxylase.’ 
SUMMARY 


1. In a large-scale experiment in which deoxy- 
corticosterone was incubated in air with a suspen- 
sion of disintegrated rabbit liver with added nico- 
tinamide, about 20 % of the added steroid has been 
accounted for by isolated metabolites and un- 
changed substrate. 

2. The following substances were isolated and 
fully characterized: 20«:21-dihydroxypregn-4-en-3- 
one and its 20f8-epimer; 3a:21-dihydroxy-5a- 
pregnan-20-one and its 3f8-epimer; 3a:21-dihydr- 
oxy-58-pregnan-20-one; unchanged substrate. 


3. Evidence is presented for the formation of 


other metabolites: 21-hydroxy-5«-pregnane-3:20- 
dione and its 58-isomer; 68:21-dihydroxypregn-4- 
ene-3:20-dione; three closely related substances 


which were probably hydroxylated derivatives of 


dihydro and reduced deoxycortico- 


sterone; 5x- or 58-pregnane-3«:20é:21-triols. 


tetrahydro 


4. In a ‘control’ experiment 45 % of the added 
steroid was recovered unchanged. 
5. The significance of these results is discussed. 


The author wishes to thank the mary colleagues for the 
generous gifts of steroids, particularly Dr C. L. Hewett, 
Organon Laboratories Ltd., Newhouse, Lanarkshire, and 
Dr W. Kiyne for making so readily available the resources 
of the Reference Steroid Collection of the Medical Research 
Council. A deep debt of gratitude is owed to Dr R. K. 
Callow, F.R.S., National Institute for Medical Research, 
London, for determining and interpreting the infrared 
spectra. 
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The Metabolism of 2:4:5-Trihydroxybutyrophenone in the Rat and Dog 


By B. D. ASTILL, D. W. 


FASSETT anp 


R. L. ROUDABUSH 


Laboratory of Industrial Medicine, Eastman Kodak Co., Rochester, New York, U.S.A. 


(Received 1 September 1958) 


The widespread use of phenolic antioxidants as 
stabilizers in foodstuffs raises the question of the 
manner of their disposal after intake by the animal 
body. It is intended to investigate the metabolism 
of several phenolic antioxidants, and in this paper 
some aspects of the metabolism in the rat and dog 
of 2:4:5-trihydroxybutyrophenone are discussed. 
This study was made during chronic-toxicity 
studies designed to test the suitability of 2:4:5- 
trihnydroxybutyrophenone for use as an anti- 
oxidant in foodstuffs. The metabolism of the pure 
compound in rats and dogs, its excretion in urine 
and faeces, the extent of its storage in tissues at 
various dose levels, and the period of retention of 
a single dose as 2:4:5-trihydroxybutyrophenone 
and any metabolic products have been examined. 
The metabolism of 2:4:5-trihydroxybutyrophenone 
presents several potentially interesting features 
arising from the presence of a polyhydric phenolic 
nucleus and a butyryl side chain. Although the 
of phenols has been extensively 
studied (Williams, 1949) and the principal routes 
(ethereal sulphate and glucuronide conjugation, 
oxidation to polyhydric phenols) are well known, 


metabolism 


much less information is available about the meta- 
bolism of polyhydric phenols. The problem of the 
orientation of conjugation has been discussed 
(Dodgson, Smith & Williams, 1950) for phenols 
having more than one hydroxyl available for 
conjugation. It seemed of particular interest to see 
whether 2:4:5-trihydroxybutyrophenone under- 
went conjugation, whether more than one con- 
jugate was produced and whether conjugates of 
different orientation were formed. 


MATERIALS AND METHODS 


Animals, dosage and diet 


Urine, faeces and tissues from dogs and rats used in chronic 
studies were kindly supplied by Dr H. C. Hodge, Division 
of Pharmacology and Toxicology, University of Rochester, 
School of Medicine and Dentistry, Rochester, N.Y., to 
whom we are indebted for the following information. 

Dogs used in a feeding study for 1 year were beagles and 
beagle-type mongrels on a basal diet of Purina Chow. 
Dogs nos. 1-12 were maintained separately in metabolism 
cages and fed on daily doses of 0-1, 0-3 and 0:5 g. of 2:4:5- 
trihydroxybutyrophenone (THBP)/kg., three dogs to each 
dose and three controls being used. The dose was mixed 


with the diet; water was supplied ad lib. and for the meta- 
bolism studies urine and faeces were collected daily. For 
the single-dose studies mongrel dogs, nos. 13-16, were used 
and kept separately in metabolism cages. A single dose of 
300 mg./kg. was given to each dog by meat capsule, and 
urine and faeces were collected daily for 6 days. 

Rats used in a study for 2 years were weanling male and 
female albino rats, Rochester strain (ex-Wistar, 1923), in 
groups of 30 males and 30 females on a diet of Purina Fox 
Chow Meal. THBP was mixed with the diet and given at 
dose levels of 0-1, 0-3, 1-0 and 3-0 % of the diet. Faeces and 
urine were collected as required from metabolism cages. 
Single-dose studies were performed with female albino rats, 
Sprague-Dawley strain, kept singly or doubly in meta- 
bolism cages on a Purina Chow diet. THBP was admin- 
istered by an oral injection of 400 mg. in 10% (w/v) corn 
oil suspension/kg., and urine and faeces were collected 
daily for 6 days. Extended metabolism studies with rats 
were carried out similarly with a daily dose of 400 mg./kg., 


and the urine and faeces were pooled. 


Materials 


THBP was kindly supplied by the Tennessee Eastman 
Co., Kingsport, Tennessee, U.S.A. The following were 
purchased: 2:2’-dipyridyl, n-butyric anhydride, n-butyro- 
nitrile, 2:5-dimethoxyaniline, quinol dimethyl ether, p- 
glucuronolactone (Eastman Organic Chemicals, Rochester, 
N.Y.) and f-glucuronidase (ox-liver, Ketodase; Warner 
Chilcott, New York, N.Y.). Substances synthesized are 
described below. 

Methods 


Paper chromatography. Separation of THBP and its 
metabolites, compounds A, B and C, in experimental urine 
was carried out on strips of Whatman no. | paper by the 
descending method. Table 1 records their Ry values and 
colour reactions in various solvent systems. Quantities of 
THBP down to 5yg. in a 0-5 cm. diameter spot 
detectable. Ultraviolet spectra of materials on the paper 
were obtained by cutting out appropriately located zones 
and inserting them in the cell holder of a Beckman model 
DU spectrophotometer. 

Examination of urine. (i) Paper chromatography. A 
volume (10 yl.) of each test and control urine from rats or 


were 


dogs was chromatographed in solvent I (Table 1), and 
THBP and its phenolic metabolites were located by their 
ferric colours. THBP and compound A, located by their 
fluorescence in u.v. light, were estimated by cutting out the 
zones, extracting these spots with aq. 80% (v/v) ethanol 
and estimating the reducing power of the solution by the 
FeCl,—2:2’-dipyridyl reaction (see below). Compounds B 
and C are non-reducing, and the acid hydrolysis of eluates 
seemed to decompose any phenols which may have been 
liberated. No direct estimate of THBP thus combined 


99.2 
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could be made. (ii) THBP content and free phenols. When 
method (i) failed to detect THBP, urine at pH 6-0 was 
extracted with ether and the dried ether extract evapor- 
ated; the residue in aq. 80% ethanol was tested with 
FeCl,—2:2’-dipyridyl reagent. Since paper chromatography 
of the ether extract did not reveal the presence of free 
phenols other than those present in normal urine, any 
excess of reducing power of the experimental ether extract 
over control ether extract was expressed as THBP. (iii) 
Glucuronides. Total glucuronides were estimated by a 
modified naphtharesorcinol method (Bray & Thorpe, 1954). 
A 1% (w/v) solution of naphtharesorcinol in aq. 20% (v/v) 
ethanol replaced the aq. 0-375 % solution previously used; 
it was found that inconsistencies caused by interfering 
substances were thus minimized. Urine was diluted to a 
concentration of 5-100yug. of glucuronides/ml., and 
readings were made at 615 my; a standard curve was pre- 
pared from p-glucuronolactone. (iv) Ethereal sulphates. 
Total and inorganic sulphate was estimated gravimetrically 
by Folin’s procedure (Bray & Thorpe, 1954). 

Examination of faeces. Faeces (110 g.) after 4 days of 
collection from four rats in the single-dose study were 
extracted with benzene (Soxhlet) for 24 hr. The benzene 
extract, diluted with 200 ml. of ether, was shaken with 
2n-NaOH (2 x50 ml.). On acidification and ether extrac- 
tion an amorphous residue resulted. A portion of an 
ethanolic solution of this was tested with FeCl,—2:2’- 
dipyridyl reagent and the excess of reducing power over 
that of control faeces was expressed as THBP. Faeces from 
one dog in a single-dose study were collected for 4 days; 
the 24 hr. benzene extract was similarly treated. Faeces 
from rats and dogs in chronic studies were extracted with 
benzene, and the benzene extract, after concentration, was 
examined chromatographically for THBP as in the pro- 
cedure for urines. 

Estimation of 2:4:5-trihydroxybutyrophenone and com- 
pound A in animal tissues. A modification of the Emmerie 
& Engel FeCl,—2:2’-dipyridyl method as used for fat- 
soluble phenolic antixoidants (Mahon & Chapman, 1951) 
was employed. A weighed quantity of fresh tissue from a 
recently killed animal was macerated with anhydrous 
Na,SO, or anhydrous MgSO, and stirred with CHCl, for 
0-5 hr. The mixture was left overnight, the solution 
removed, the residue washed and the combined solutions 
were evaporated to dryness and the residue was dissolved 


in 30 ml. of light petroleum (b.p. 66-75°). This was ex- 
tracted with aq. 80% (v/v) ethanol (3x4 ml.), and on 
concentration im vacuo an amorphous resjdue resulted, 
which was dissolved in CHCl,—water—ethanol (1:1:1, by 
vol.) to a volume of about 1-2 ml. A portion (0-1 ml.) of the 
tissue extract was run on the same chromatogram, in 
solvent I, with 10 yl. portions of ‘standard’ rat urine known 
to contain compounds A, B and C, and to which 1 vol. of 
ethanolic 1% (w/v) THBP had been added. The zones in 
the tissue chromatogram in which THBP and compound A 
should occur were thus located, cut out and left for 
20 min. in aq. 80% (v/v) ethanol (10 ml.). The paper was 
removed and washed with ethanol (5 ml.) and to the 
combined ethanolic solutions were added ethanolic 0-1% 
(w/v) FeCl,,6H,O (4 ml.) and ethanolic 0-1% (w/v) 2:2’- 
dipyridyl (4 ml.). All mixing was done in weak artificial 
light; after 40 min. in the dark, absorption intensities at 
515 my were measured in an Evelyn colorimeter against a 
reagent blank. A calibration curve was prepared from 
known amounts of THBP equivalent to quantities of 
0-100 yg. on the chromatogram. Recoveries of known 
amounts of THBP from tissues were 75+10%. Reducing 
power in the compound A zone was expressed as THBP; 
no estimate of the accuracy of recoveries of this substance 
was possible. 


RESULTS 
Excretion of free reducing phenols by control animals 


The mean daily excretion per rat of free reducing 
phenols, estimated chromatographically as THBP 
on sixteen undosed rats, was 2-2 (0-2-8) mg. in the 
urine and 0-41 (0—1-3) mg. in the faeces, and per dog 
on seven undosed dogs was 9-5 (0—26-0) mg. in the 
urine, and 2-5 (0-2-8) mg. in the faeces. 


Paper chromatography of 2:4:5-trihydroxy- 
butyrophenone and its metabolites 


By paper-chromatographic examination of ex- 
perimental rat urine in solvent I (Table 1) three 
new substances, which were not present in control 
urines, were located by the fluorescence of their 
spots in u.v., and by the colour reactions with 


Table 1. R, values and colour reactions of 2:4:5-trihydroxybutyrophenone and its metabolites 
in the urine of experimental animals 


Solvent mixtures: I, organic phase of freshly mixed butanol-acetic acid—water (4:1:5, by vol.); I, organic phase of 


benzene—acetic acid—water (2:2:1, by vol.). Detecting reagents: A, aq. 1% (w/v) AgNO, soln.-aq. 10% NH; soln. (1:1, 
v/v); B, 1% of FeCl, in aq. 50% (v/v) ethanol; C, freshly mixed 1% (w/v) sulphanilic acid in 3N-HCl-aq. 5% (w/v) 
NaNO, (1:1, v/v). The dried paper was suspended in an atmosphere of NH. 


R, in solvent mixture Colours given by reagents Fluorescence 

——_________— — ‘_- - — -—— of spot in 

Substance I I A B C u.v. light 
THBP* 0-92-0-95 0-42-0-44 Brown Rose—pink Rose—pink Pale yellow 
Compound A 0:75-0:81 0-14 Brown-yellow Green, fades Blue Light blue 

; rapidly to yellow 
Compound B 0-68-0-72 0-12 None Purple Yellow—brown Orange 

Compound C 0-45-0-55 0-05 None Purple None Weak grey 


* R, values unchanged for the pure substance in ethanolic 


soln. THBP had Ry 0-33-0-35 in aq. 15% (w/v) KCI soln. 
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en ferric chloride, ammoniacal silver nitrate and 
ited, diazotized sulphanilic acid solutions (Table 1). The 
i. he substance with R, 0-92—0-95 (solvent I) was 
sf the shown to be THBP. The spot with R, 0-78 + 0-03 
n. in was attributed to a new substance, compound A; 
nown its decreased R, in solvents I and II (Table 1) 
ol. of | suggested the attachment of a hydrophilic moiety 
es inf to THBP, the coupling reaction suggested phenolic 
ind A character and the ferric and reducing reactions the 
; - retention of a 1:2- or 1:4-dihydroxybenzene 
: oa system. Since O-substitution seems more probable 


' at the 4-hydroxyl group, compound A was formu- 
lated as a 4-conjugate of THBP. Compound B, 
with Rk, 0-70+0-02, was formulated as a 5-con- 





ies at jugate of THBP from a similar consideration of its 
inst a properties. The close similarity of the u.v.- 
from absorption spectra of THBP, compound A and 
ies of 


compound B on the chromatogram confirmed their 
relationship (Table 2). Compound C, with R, 
0-50 + 0-05, was detected on some chromatograms 
of experimental urine from rats, and in fewer cases 
from dogs. This was clearly a metabolite of THBP, 


cnown | 
lucing 
HBP; 


stance 


z Table 2. 
imals 
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whose colour reactions suggested similar substitu- 
tion to compound B, but it was not produced con- 
sistently by either species, and all attempts to 
characterize or to isolate it were unsuccessful. 


Metabolism of 2:4:5-trihydroxybutyrophenone 


A single dose of 400 mg. of THBP/kg. was given 
to each of sixteen rats in four groups of four rats, 
and urine and faeces, pooled according to group, 
were collected daily. A single dose of 300 mg./kg. 
was given to each of four dogs, and urine and faeces 
were collected daily. The excretion of THBP and its 
metabolites in the urine was examined chromato- 
graphically and the daily free THBP, glucuronide 
and ethereal sulphate outputs were estimated. The 
quantity of THBP remaining unabsorbed 
estimated the total The 
summarized in Table 3. 


was 
in faeces. results are 

In both species, after a single dose was given, 
there was an increase in ethereal sulphate and 
accounted for about 
75% of the given dose; the path of metabolism 


glucuronide output which 


Absorption spectra of some 2:4:5-trisubstituted butyrophenones 


jucing é Anax. max. Amax. Neat. 
‘HBP Substance Medium (mp) log € (mp) log € (my) log € (mp) log € 
TH THBP Propan-2-ol 213 4-09 243 4-07 282 4-05 350 3°86 
in the Whatman no. 1 paper* - 237 - 281 347 
Ee dog ? Potassium 5-butyry]-2:4- Ethanol = 235 402 274 405 328 3-81 
in the dihydroxyphenyl sulphate Whatman no. 1 paper* — 231 276 322 
5-Butyryl-2:5-dihydroxy- Whatman no. 1 paper* - 237 274 336 
phenyl glucosiduronic acid 
f- 5-Hydroxy-2:4-dimethoxy- | Propan-2-ol 235 4:17 270 3-92 332 3°84 
butyrophenone 
t 
of ex- 4-Hydroxy-2:5-dimethoxy- | Propan-2-ol 234 4-09 272 4-04 330 3-91 
three butyrophenone 
ontrol * Absorption of the appropriate spot after paper chromatography of urine of animals dosed with THBP. 
f their Poiana se ee 
3 with = . 4 ‘ ae te : ; ; 
Table 3. Excretion of 2:4:5-trihydroxybutyrophenone and metabolites after a single dose 
} Results are expressed as percentage of dose-fed: 0-4 g./kg. was given orally to each of 16 rats in four groups of four; 
0-3 g./kg. was given orally to each of four dogs. Urine and faeces were collected daily for 6 days. Values for rat groups were 


obtained from the pooled daily outputs of the rats in each group. Metabolites were detected chromatographically. Means 


are given in parentheses. 


phase of Gluc- Ethereal Total Period of 
in. (1:1, Rat Dose Urinary uronide sulphate conjugates excretion Metabolites Faecal 
/, (w/v) group* (g.) THBP (G) (ES) (G+ ES) (days) detected THBP 
. 0-13 7:8 21 44 65 34 Compounds A, B, C 1-8 
2 0-13 6-3 23 66 89 3-4 Compounds A, B, C 1-5 
scence 3 0-15 8-0 15 50 65 4-5 Compounds A, B 2-2 
ot in 4 0-15 3-1 32 47 79 3-4 Compounds A, B 1-3 
light (6-3) 23) (52) (75) (1:7) 
yellow Dog no. 
blue 13 2°85 2-2 36 30 66 4-5 Compounds A, B, C 4-9 
16 4-34 1-3 41 31 72 4-5 Compounds A, B, C 6-2 
14 4-2 2-2 19 65 74 3-4 Compounds A, B 4-8 
Be 15 3-64 3-6 24 54 78 4-5 Compounds A, B 55 
grey | (2-3) (73) (5-3) 


¢Cl soln. 





* The mean dose/rat in each group is recorded 
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was largely by conjugation, and no evidence of 
reduction oxidation was found. Chromato- 
graphic examination of the urine showed that, in 
both species, THBP and the metabolites were 
almost completely excreted by the third or fourth 
day. Glucuronide and ethereal sulphate output 
had returned to pre-dose levels usually by the 
third or fourth day in the rat, and the fourth or 
fifth day in the dog; in all rat groups and in dogs 
nos. 13 and 14 conjugate output was greatest on the 
first day, and in dogs nos. 15 and 16 on the second 
day, after dosing. In dogs there was a variation in 
glucuronide and ethereal sulphate excretion which 
appeared to be correlated with the presence 
(dogs nos. 13 and 16) or absence (dogs nos. 14 and 
15) of compound C. In both species little of the 
THBP was unabsorbed. 

Table 4 shows the effect of dose variation on 
urinary and faecal THBP excretion of selected 
dogs in chronic studies. 

The tissues of nine experimental and three 
control dogs were examined; samples of pooled 
perirenal, omental and subcutaneous fat, brain, 
liver and kidney were obtained and whenever 
possible examined immediately or refrigerated until 
examination. Brain, pooled perirenal, omental and 
subcutaneous fat, liver and kidney samples from 
the surviving rats at the conclusion of the study 
were pooled according to tissue, dose level and sex 
and immediately examined. Results are presented 
in Tables 5 and 6. 


or 


Metabolites of 2:4:5-trihydroxybutyrophenone 


Compound B was obtained pure from an experi- 
mental dog urinary sediment by acetone extraction, 
and gave on methylation and mild hydrolysis 
5-hydroxy-2:4-dimethoxybutyrophenone identical 
with a synthetic specimen; it was shown to be 
potassium 5-butyryl-2:4-dihydroxypheny] sulphate. 
Amorphous compound A was obtained by parti- 
tion-column chromatography of a ‘glucuronide 
gum’ from experimental rat urine (Kamil, Smith & 
Williams, 1951), and on methylation and prolonged 


Table 4. Net daily excretion of 2:4:5-trihydroxy- 
butyrophenone by dogs in chronic studies at various 
dose levels 


Results are expressed as mean percentage of daily dose 
for three dogs at each dose level; urine and faeces were 
collected over several days and the total THBP content of 
each was expressed as a daily excretion. 


Daily 
‘dose level Urinary Faecal 
(g-/kg.) THBP THBP 
0-1 0-7 0-8 
0-3 0-3 3°5 
0-5 0-6 5-8 
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incubation with f-glucuronidase gave 4-hydroxy- 
2:5-dimethoxybutyrophenone identical’ with a 
synthetic specimen. Compound A was formulated 
as 4-butyryl-2:5-dihydroxyphenyl glucosiduronic 
acid. The same partition yielded a gum which gave, 
on methylation and mild hydrolysis, the OO- 
dimethyl! ether derived from compound B. 


ISOLATION OF METABOLITES 


All m.p.’s are corrected. 

Source of metabolites. Compound B was obtained from 
the sediment from urine of dog no. 8 (fed with 0-3 g. of 
THBP/kg. in the diet/day) collected in a metabolism cage. 
The urine used in the separation of compounds A and B was 
collected in metabolism cages from eight female albino rats, 
Sprague-Dawley strain, given a daily oral injection of 
400 mg. of THBP in 10% corn oil suspension/kg. A 
chromatographic examination of pooled daily urines 
determined whether they could be used as a rich enough 
source of compounds A and B. 

Isolation of potassium 5-butyryl-2:4-dihydroxyphenyl 
sulphate (compound B). Clarified dog urine (80 ml.), con- 
taining compounds A and B but no THBP or compound (, 
deposited a sediment on standing. This was collected by 
centrifuging to give a dry powder (450 mg.). Extraction 
with hot acetone afforded a solid residue which on crysta! 
lization from aq. ethanol gave colourless plates (150 mg.). 
Potassium  5-butyryl-2:4-dihydroxyphenyl sulphate had 
m.p. 230—232° (inserted at 215°) (Found: C, 38-4; 38-2; H, 
3-2; 3-3; S, 9-5, K, 12-5. C,)9H,,0,S K requires C, 38-2; H, 
3-5; S, 10-2; K, 12-4%). A chromatogram of 50 yg., under 
the usual conditions, compared with experimental rat 
urine, showed a trace of THBP (R, 9-95), and a spot at 
Ry 0-71 which gave silver nitrate, diazotized sulphanilic 
acid and ferric colours identical with those due to com- 
pound B, R, 0-68, in the rat urine. The u.v. absorption 
(Table 2) showed similarity with that of THBP, and 
infrared absorption showed a band at 9-5» (S—O stretching 
vibration). The acetone-insoluble portion of the urinary 
deposit was identified as calcium oxalate. The residue on 
ignition of compound B showed a characteristic K-emission 
spectrum with strong lines at 3447-7 and 3446-7 A. 

Hydrolysis of potassium 5-butyryl-2:4-dihydroxyphenyl 
sulphate. Compound B (70 mg.) in 3N-HCl (10 ml.) was 
warmed to 95° for 0-5 hr. The cooled solution was extracted 
with ether and the residue after evaporation of the ether 
extract crystallized from benzene—hexane as yellow prisms 
of THBP (25 mg.), m.p. 147-148°, unchanged by ad- 
mixture with an authentic sample. The aqueous phase 
from the ether extraction gave a strong positive test for 
SO,** ions with 5% BaCl, soln. 

Conversion of compound B into 5-hydroxy-2:4-dimethoxy- 
butyrophenone. Compound B (200mg.) in methanol 
(100 ml.) was treated with an excess of ethereal diazo- 
methane. After 12 hr. a test portion gave no reaction with 
Fe*+ ions, and the solution was evaporated to a discoloured 
gum, which was heated for 30 min. on a steam bath with 
ethanol (5 ml.) and n-HCl (20 ml.). The ether extract of the 
cooled solution was washed with 0-5n-NaOH soln. 


(3 x 20 ml.) and the acidified washings were extracted with 
ether (3 x 20 ml.). The dried ethereal solution left a gummy 
residue which was extracted with boiling hexane, to give 
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axy- } Table 5. Storage of 2:4:5-trihydroxybutyrophenone and compound A in organs of experimental dogs 
1 a 
ated Dogs were maintained at the appropriate dose level for 1 year; the animals were then killed and the organs analysed for 
onin THBP and compound A. Results are expressed as THBP. 
ave, 
00- Daily Total 
Dog Body wt. dose dose 
no. (kg.) (g./kg.) (kg./1 year) Substance Liver 
; ‘ 
> 3 ( on 
1 (9) “i . | THBP* 90 
2 (3) 11-8 ’ ° Compound A* 450 
3 (2) 12-2 0 0 J ne s ? 
4 (3) 10-4 0-1 0-38 THBP 40 
from | Compound A 850 
 g. of 5 (9) 13-6 0-1 0-49 THBP 0 
cage. Compound A 2000 
B was 6 (3) 11-8 0-1 0-43 THBP 240 
) rats, Compound A 0 
= ¢ 7 (9) 12-7 0-3 1-38 THBP 0 
8 A Compound A 1000 
sail 8 (3) 10-9 0-3 1-19 THBP 0 
a aer Compound A 700 
9 (3) 12-2 0-3 1-33 THBP 0 
nul 5 
= Compound A 700 
indC, } 10 (8) 10-4 0-5 1-89 THBP 370 
ey) Compound A 0 
action | 11 (9) 9-7 0-5 1-76 THBP 1400 
rysta! Compound A 2000 
) mg.). } ip (3) 1-7 0-5 1-02 THBP 360 
had Compound A 0 
3-2; H, * Mean control values. 
3-2; H, 
under = = oe 
tal rat 
0 Table 6. Storage of 2:4:5-trihydroxybutyrophenone and compound A in organs 
ho of surviving experimental rats 
0 com- 
orption Rats were maintained at the appropriate dose for 2 years, when the survivors were killed, the tissues pooled according 
P, and | to dose and sex and the organs analysed. Number of survivors are given in parentheses. Results are expressed as THBP. 
hr g g P P 
etching 
aca Percentage Average Average Total 
area of THBP body wt. daily dose dose 
mission | in diet (g.) (mg.) (g./2 years) Substance 
honed 0 (1) 398 0 0 THBP 
7 mene 0 (6) 279 0 0 Compound A 
.) was 
resi } on 5) 404 21 15-3 THBP 
pera Compound A 
1e & 
prisms 0-1 (6) 285 15 11-0 THBP 
ae al Compound A 
° ‘phase ) 03 3 (3) 399 60 43-8 THBP 
test for Compound A 
0-3 2 (5) 262 39 28-5 THBP 
methozy- Compound A 
ethan | 1.0 2) 412 206 150 THBP 
1 diazo- Compound A 
ion with 1-0 251 125 91 THBP 
coloured | Compound A 
ath with 3-0 (3) 357 535 390 THBP 
ct of the Compound A 
H sb. 30 268 402 290 THBP 
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Net organ storage 


Compound A 


* Insufficient material. 


Net organ storage 
(ug./organ) 
eaeoec es 


3 
19 
0 
3 
0 
0 


9 


20 


1 
10 


1 
10 


0 
0 


(pg-/organ) 


Brain 


25 


90 


Liver 


‘Dd 


Kidney 


30 
200 


90 
0 


0 
400 
20 
0 


0 
150 


270 
200 


0 
40 


80 


20 
0 
120 
50 


Brain Kidney 


0-7 


oo Ce 


_ 
bo coc: 


bom bo 


Fat storage 
(ug./g. of fat) 


Fat 


storage 


(ug-/g- 
of fat) 


0-8 
4-2 


i 
Cr or 


0-0 
1-0 


9-5 


13-0 
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5-hydroxy-2:4-dimethoxybutyro- 
phenone, m.p. 87-88° (Found: C, 64:2; H, 7-2; OCH,, 
27-1. C,.H,,0, requires C, 64-3; H, 7-2; (OMe), 27-6%). 
The substance was readily soluble in ethanol and the 


pink plates (32 mg.) of 


ethanolic solution gave a faint-green with FeCl, soln. The 
u.v.-absorption spectrum closely resembled that of THBP 
(Table 2). 

Isolation of compounds A and B from experimental rat 
urine. The urine (250 ml.), known to contain THBP, 
compounds A, B and C, was adjusted to pH 6-0 and gently 
washed with ether (3 x 200 ml.). The urine was adjusted to 
pH 4-5 and an excess of saturated lead acetate soln. added 
with stirring (Kamil ef al. 1951). The precipitate was col- 
lected after 1 hr. by centrifuging and washed with water 
(2x 100 ml.) by centrifuging and decantation. The pre- 
cipitate from the combined filtrate and washings at pH 8-0 
was similarly collected and washed. Lead was removed by 
precipitation with H,S and the residual solutions yielded 
two ‘glucuronide’ gums. Chromatographic examination 
showed that no metabolites remained in the treated urine, 
that the first glucuronide gum contained only a trace of 
compound B and that the contained all three 
metabolites. The second gum (800 mg.), in aqueous solu- 
tion, was mixed with Whatman no. 1 powdered cellulose 
(5 g.) and the mixture evaporated and dried in vacuo. The 
well-mixed powder was tamped on to the top of a column 
of powdered cellulose (32 em. x31 cm.) previously equili- 
brated with the eluent, the organic phase of butanol- 
acetic acid—water (8:1:10, by vol.). Fractions (5 ml.) of 
eluate were collected under a slight positive pressure by 
means of a fraction collector; each fraction was examined 
chromatographically in solvent I. The fractions were pooled 
according to the metabolites they contained. Compound B 
was found in fractions 4-15, compound A in fractions 17-28 
and compound C in fractions 34-50. The first group had 
few, the second some and the third many phenolic con- 
taminants. The groups were evaporated to give gums B, A 
and C respectively. 

Gum A. On drying in vacuo at 65° a brown gum (350 mg.) 
resistant to crystallization was obtained. This was dissolved 
in water (7-5 ml.) and saturated lead acetate soln. was 
added; the pale-yellow precipitate was washed and tri- 
turated in aqueous suspension while H,S was passed; the 
solution after removal of PbS gave an amorphous powder 
(120 mg.). This was insoluble in ethanol, and in water gave 
a deep-green ferric colour which changed slowly to bright 
yellow as the solution was made progressively more 
alkaline, thus excluding a 1:2-dihydroxybenzene system 
(Porteous & Williams, 1949); in the absence of alkali the 
colour changed slowly to pale orange. The R,» and colour 


second 


reactions on a chromatogram were identical with those of 


compound A. An aqueous solution gave a strong positive 
naphtharesorcinol reaction. This material was the purest 
obtainable specimen of compound A. 

Methylation of compound A. Compound A (120 mg.) in 
methanol (30 ml.) was treated with ethereal diazomethane 
and left for 12 hr. The excess of solvent was removed to 
give a pale-yellow gum (115 mg.), which resisted crystal- 
lization. No strong 
positive .naphtharesorcinol test was given. Warming or 
boiling with n-HCl gave decomposed products. 
of methylated compound A. 


ferric colour was obtained, and a 


Acetylation Methylated 


compound A (100 mg.) was dissolved in acetic anhydride 
(2 ml.) and 70% perchloric acid (0-02 ml.) was added. 
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After 2 hr. the mixture was poured into water to yield an 
amorphous solid (120 mg.). Attempted purification on 
acid-washed alumina afforded by elution ‘with ethanol 
acetic acid (1:1, v/v) an amorphous solid (100 mg.), in- 
soluble in water, readily soluble in benzene and hexane, } 
giving a strong positive naphtharesorcinol test and de- 
composing on attempted acid hydrolysis. 

Hydrolysis of the methylated compound A by B-glucuronid- 
asc. Methylated amorphous compound 
dissolved in water (5 ml.); 0-2N-acetic acid (5 ml.), 0-2n- 
sodium acetate (to pH 4-5) and 10 ml. of Ketodase 
{equivalent to 60 000 Fishman units (Talalay, Fishman & 
Huggins, 1946) of f-giucuronidase] were added. After } 
incubation for several days at 37-5° the mixture was ex- 
tracted with ether (3 x30ml.). The ether extract was 
shaken with Nn-NaOH (3 x 20 ml.), and the aqueous layer 
acidified re-extracted with ether. The dried ether 
solution gave a residue of semi-crystalline material 
(20 mg.) which, on sublimation at 1 mm. Hg and crystal- 
lization from hexane, gave elongated plates of 4-hydroxy- 
2:5-dimethoxybutyrophenone, m.p. 86—88° (Found: C, 63-8; 
H, 7-4; C,.H,,0, requires C, 64-3; H, 7-2%). The product | 
dissolved readily in ethanol, ether and benzene and gave | 
a faint blue colour with ethanolic FeCl, soln. The wy. 
spectrum closely resembled that of THBP (Table 2). ; 

Gum B. The gum (150 mg.) was dissolved in methanol, 
and three successive portions of ethereal diazomethane 
solution were added until no ferric colour was obtained. 
The solutions were evaporated and the residue was heaved 
in N-HCl (60 ml.) for 0-5 hr. on the steam bath. The mixture 
was extracted with ether (3 x 70 ml.), the ether solution | 
extracted with n-NaOH, the alkaline solution acidified and 
extracted again with ether (3 x 70 ml.). Extraction of the } 
gummy residue with hexane gave pink plates (25 mg.) of 
5-hydroxy-2:4-dimethoxybutyrophencne, m.p. 85-86°, not 
depressed on admixture with that derived from compound 2 


and 


i 
| 
| 


from dogs. 

Gum C. The gum (200 mg.) was shown chromatographic- 
ally to contain contaminants, and gave gummy or decom- 
posed residues on methylation, acetylation, warming and | 
boiling with dilute acid. It gave a strong naphtharesorcinol 
reaction. From this and the behaviour on chromatography 
compound C is possibly the 5-O-glucuronide of THBP. > 


Synthesis of 5-hydroxy-2:4-dimethoxybutyrophenone 


2:4-Dihydroxybutyrophenone. Resorcinol (14 g.) was } 
dissolved in freshly purified and distilled nitrobenzene 
(100 ml.). Aluminium chloride (19 g.) was added, and the 
mixture stirred and heated at 80° while freshly distilled 
butyric anhydride (10 g.) was added dropwise. After) 
stirring at 80° for 6 hr. and cooling, water (150 ml.) was 
added and the mixture stirred. After washing with water 
(150 ml.) again the combined washings were 
washed with ether (3 x 100 ml.) and then extracted with| 
10% (w/v) NaOH soln. (3 x 70 ml.) and water (70 ml.). Th 
combined aqueous and alkaline solutions were washed with 
ether (2 x50 ml.) and acidified with 6N-HCl. Ether ex- 
traction (3 x 250 ml.) afforded a black oily phenolic as 
from which repeated hexane extractions gave colourles'| 
needles of the ketone (9 g.; 39%). 2:4-Dihydroxybutyro-| 
phenone had m.p. 56-57°; Nakazawa (1954) reported 
m.p. 73° for this compound prepared from resorcinol and 
butyric acid in the presence of polyphosphoric acid (Found 
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C, 66-3; H, 6-5. Cale. for C,»H,.0, ; C, 66-6; H, 6-7 %). The 
spectrum had A,,,,, at 233, 278 and 315 my, and strong 
bands at 3-1 (—-OH) and 6-09 « (-C=O) were found. The 
product gave a port-wine colour with ethanolic FeCl, soln. 
The 2:4-dinitrophenylhydrazone had m.p. 245° (Found C, 
52-9; H, 4-8; CygH,,O,N, requires C, 53-3; H, 4.4%) and 
occurred as red needles from ethanol. 

2:4-Dihydroxy-5-nitrobusyrophenone. 2:4-Dihydroxybuty- 
rophenone (4 g.) was added in small portions with stirring 
to 20 ml. of HNO, (sp.gr. 1-42) cooled in ice. The mixture 
was allowed to attain room temperature and was poured 
into water (50 ml.), when a red solid separated which. was 
collected and twice recrystallized from aq. ethanol to yield 
yellow needles (4-6 g.; 92%). 2:4-Dihydroxy-5-nitrobutyro- 
phenone had m.p. 121-5-122° (Found: C, 53-2; H, 5-0; N, 
6:3. Cy9H,,0;N requires C, 53-3; H, 4-8; N, 62%). An 
orange—yellow ferric colour was given in ethanolic solution. 
(Nitration in the expected 5-position was shown by methyl- 
ation of the final product of the synthesis to 2:4:5-tri- 
methoxy butyrophenone.) 

2:4- Dimethoxy-5-nitrobutyrophenone. 
nitrobutyrophenone (5-5 g.), anhydrous K,CO, (20 g.) and 
methyl sulphate (20 ml.) were refluxed with acetone 
(250 ml.). After 12 hr. no reaction was given with ethanolic 
FeCl, soln. and the mixture was filtered, the residue washed 
with acetone and the combined filtrate and washings were 
concentrated. Water (25 ml.) and an excess of aq. 10% 
NH, soln. were added, and, on cooling, a crystalline solid 
separated which yielded from aq. ethanol rhombic plates 
(4:3 g.); 2:4-dimethoxy-5-nitrobutyrophenone had m.p. 113- 
114° (Found: C, 56-9; H, 5-9. C,,H,;0;N requires C, 56-9; 
H, 59%). 

5-Amino-2:4-dimethoxybutyrophenone. 2:4-Dimethoxy-5- 
nitrobutyrophenone (3-8 g.), 25 ml. of HCl (sp.gr. 1-19) and 
clean mossy zine (10 g.) were heated together on the water 
bath; H, was evolved. After complete solution the cooled 
mixture was made strongly alkaline and extracted with 
ether (3100 ml.), which gave a residue from which 
hexane extraction afforded yellow elongated prisms 
(1-7 g.) of 5-amino-2:4-dimethoxybutyrophenone, m.p. 75- 
76° (Found: C, 64-7; H, 7-7; N, 6-4. C,.H,,0,N requires C, 
64-5; H, 7-6; N, 6-2%). 

5-Hydroxy-2:4-dimethoxybutyrophenone. 5-Amino-2:4-di- 
methoxybutyrophenone (350 mg.) was dissolved in aq. 
50% (v/v) H,SO, (10 ml.) and cooled in ice. 1-5m-Sodium 
nitrite soln. (2 ml.) was added dropwise with mechanical 
stirring, and the diazonium sulphate soln. then added 
dropwise to stirred 0-3m-CuSO, soln. (100 ml.) at 95°. 
Stirring was maintained for 0-5hr. after the addition. 
Ether extraction (3 x 75 ml.) of the cooled solution yielded 
a gummy residue which crystallized from hexane in pink 
prisms (50 mg.). 5-Hydroxy-2:4-dimethoxybutyrophenone 
had m.p. 86-88° (Found: C, 63-8; H, 7-2. C,.H,,0, requires 
C, 64-3; H, 7-2%). The m.p. was not depressed on ad- 
mixture with specimens of 5-hydroxy-2:4-dimethoxybuty- 
rophenone prepared from compound B obtained from both 
rat and dog urine. The natural and synthetic substances 
gave identical ferric colours and had identical u.v. and i.r. 
spectra. 

2:4:5-Trimethoxybulyrophenone. THBP (500 mg.) in 
methanol was incompletely methylated by ethereal diazo- 
methane; the ether was removed and the residue dissolved 
in acetone to which anhydrous K,CO, (10 g.) and methyl 
sulphate (5 g.) were added. The mixture was refluxed 


2:4-Dihydroxy-5- 
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overnight, the product was isolated as described for 2:4- 
dimethoxy-5-nitrobutyrophenone, and crystallized from 
hexane to yield yellow hexagonal prisms (250 mg.) of 
2:4:5-trimethoxybutyrophenone, w.p. [Found: C, 
65-3; H, 7-4; OCH,, 29-3. C,,H,,O, requires C, 65-5; H, 7-6; 
(OCH,),, 26-0%]. 

Synthetic 5-hydroxy-2:4-dimethoxybutyrophenone was 
treated with diazomethane to yield yellow hexagonal 
prisms from hexane, m.p. 76-78°, not depressed on ad 
mixture with an authentic specimen of 2:4:5-trimethoxy- 
butyrophenone. The identity of these substances confirms 
the orientation of the synthetic product. 


75-76 


Synthesis of 4-hydroxy-2:5-dimethoxybutyrophenone 


2:5-Dimethoxyphenol. 2:5-Dimethoxyaniline (12-5 g.) 
was diazotized in aq. 50% (v/v) H,SO, (100 ml.) at 0-5 
with 5m-NaNO, soln. (20 ml.). Excess of NaNO, was 
decomposed with urea (2 g.) and the chilled diazo solution 
added dropwise to boiling aq. 50% H,SO, (400 ml.) down 
a water-cooled condenser tube terminating at the liquid 
surface (Lambooy, 1950). The product was steam-distilled 
as it was formed. The distillate (1-5 1.) was extracted with 
ether to yield an oil, distillation of which gave a fraction 
(4:5 g.) b.p. 75-80°/12 mm. Hg [Found: C, 61-8; H, 6-7; 
OCH,, 42-5. Cale. for CgH,,0,; C, 61-9; H, 7-1; (OCH). 
39-9%]. In ethanolic solution a pale blue, fading rapidly, 
was given by FeCl,. These properties accord with those 
reported previously for 2:5-dimethoxyphenol (Gilman & 
Van Ess, 1939). The p-nitrobenzyl ether had m.p. 118-120 
(Found: C, 62-4; H, 5-2; C,;H,,O;N requires C, 62-2; H, 
55%). 

4-Hydroxy-2:5-dimethoxybutyrophenone. Freshly distilled 
2:5-dimethoxyphenol (5-5 g.) and freshly distilled n-butyro- 
nitrile (3 g.) were dissolved in dry ether (250 ml.) and 
freshly fused and powdered ZnCl, (5g.) was added. 
Hydrogen chloride gas was passed into the cooled stirred 
solution to saturation and stirring continued for 4 hr. The 
mixture was then left at 5° for 2 days; water (50 ml.) was 
added and the aqueous phase was collected and heated at 
90° for 2 hr. with 6N-HCl (6 ml.). Ether extraction gave 
a discoloured oil (1-50 g.). On distillation a fraction was 
collected at 78-80°/0-1 mm. Hg, identified as 2:5-dimeth- 
oxyphenol by its p-nitrobenzyl ether, and at 120-140 
0-1 mm. Hg a fraction distilled which solidified on cooling. 
This crystallized from benzene to yield elongated plates 
(300 mg.) showing strong absorption at 2-8 and 6-09 pu. 
4-Hydroxy-2:5-dimethoxybutyrophenone had m.p. 85-86°, 
not depressed on admixture with 4-hydroxy-2:5-dimethoxy- 
butyrophenone obtained from compound A [Found: C, 
63-8; H, 7-4; OCH,, 26-8. C,,H,,0, requires C, 64-3; H, 7-2; 
(OCH,)., 27-6%]. Infrared and u.v. spectra and ferric 
colours of the natural and synthetic phenols were identical. 

The ethereal phase of the reaction mixture after washing 
with 2-5n-NaOH yielded colourless plates of a neutral 
substance (1-8 g.) which was shown to be quinol dimethyl 
ether, m.p. 57-59°, not depressed on admixture with an 
authentic specimen [Found: C, 69-5; H, 7-3; OCH,, 44-2. 
Calc. for C,H,,0,; C, 69-6; H, 7:2; (OCH,)., 44:9%]. 
Synthetic 4-hydroxy-2:5-dimethoxybutyrophenone was 
treated with diazomethane to yield yellow prisms from 
hexane, m.p. 76-77°, not depressed on admixture with an 
authentic specimen of 2:4:5-trimethoxybutyrophenone. 
The third possible isomeric OO-dimethyl ether of THBP, 
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2-hydroxy-4:5-dimethoxybutyrophenone, has been re- 
ported to have m.p. 81° and to give a blue-green ferric 
colour (Jones, Mackenzie, Robertson & Whalley, 1949). 


DISCUSSION 


The amounts of glucuronide and ethereal sulphate 
excreted by both species in these studies indicate 
that the path of metabolism must be largely by 
conjugation. The small quantities of 2:4:5-tri- 
hydroxybutyrophenone excreted unchanged in 
urine and faeces show that the large doses ad- 
ministered in these studies do not exceed the 
capacity of the organism to absorb and conjugate 
the dose. In all cases fairly rapid elimination of the 
administered dose is found; in both rats and dogs 
the last detectable metabolite is eliminated by the 
third or fourth day after dosing and glucuronide 
and ethereal sulphate levels approach normal 
values by the fourth or fifth day after dosing. It 
seems safe to conclude that 2:4:5-trihydroxybuty- 
rophenone and its metabolites do not circulate for 
any length of time after dosing. 

Tissue storage is of a low order (Tables 5 and 6). 
Little correlation can be detected between dose and 
amount stored, however. Since, in_ general, 
experimental values do exceed control values, it is 
inferred that some deposit of THBP in tissues has 
taken place, but in proportion to the total dose and 
the time of ingestion this storage is negligible. 

The path of metabolism of 2:4:5-trihydroxy- 
butyrophenone appears to be that frequently 
found for phenolic substances. The absence of 
detectable amounts of free phenols formed by 
oxidation is not surprising in view of the high 
degree of hydroxylation. The absence of readily 
detectable substances arising from oxidation of the 
butyryl side chain or reduction of its carbonyl 
group accords with the observation that hydroxyl- 
ation of aromatic ketones usually results in the side 
chain remaining intact on metabolism (Williams, 
1949). The presence in the molecule of three phen- 
olic hydroxyl groups leads to a number of possi- 
bilities in conjugation orientation, two of which are 
realized by the formation of a 5-sulphate and of a 
4-glucuronide as shown in Scheme I. Conjugation 
of the 2-hydroxy] group seems unlikely because of 
its proximity to the bulky 1-butyryl group and 


because of hydrogen bonding with the carbonyl 
group, and it does not seem to be found here. 

The influence of substituents on the glucuronide 
conjugation of polyphenols has been discussed 
(Dodgson et al. 1950). The formation of a 4- 
glucuronide of THBP is in accord with the general 
observation that glucuronide formation in phenols 
takes place with the hydroxyl least subject to 
steric hindrance: cf. 4-chlorocatechol, 4-chloro- 
resorcinol (Williams & Dodgson, 1949); 4-chloro- 
quinol (Dodgson et al. 1950) and resacetophenone 
(Dodgson, 1950). A Fisher—Taylor—Hirschfelder 
model (Fisher Scientific Co., Pittsburgh, Pa., 
U.S.A.) of 2:4:5-trihydroxybutyrophenone shows 
that the 4-hydroxyl group is subject to much less 
hindrance than is the 2-hydroxyl group and to 
somewhat less hindrance than is the 5-hydroxyl 
group. (The less-frequent formation of compound C, 
which may be the 5-O-glucuronide, is not in con- 
flict with this observation.) 

A correlation between sulphate conjugation and 
dissociation constant of phenols has been pointed 
out; the more acidic the phenol, the less the extent 
of sulphate conjugation (Robinson, Smith & 
Williams, 1953). It seems probable that the 5- 
hydroxyl group of 2:4:5-trihydroxybutyrophenone 
is somewhat less acidic than the 4-hydroxyl] group, 
from the directional influence of the 1-butyryl and 
2-hydroxyl groups. If sulphate conjugation with 
the less acidic hydroxyl group occurs the conjugate 
would be the observed 5-sulphate. 

The extent to which the two metabolites charac- 
terized above contribute to the total quantity of 
metabolites is not entirely clear, since their quanti- 
tative isolation was not achieved. The analytical 
data for the rat, however, suggest that they are the 
principal metabolites in this species, and in both 
species examined they are the principal detectable 
metabolites. 


SUMMARY 


1. The fate of 2:4:5-trinydroxybutyrophenone 
in the rat and dog has been studied. 

2. At the dose levels studied, 2:4:5-trihydroxy- 
butyrophenone is almost completely absorbed; 
about 75% of a single dose of 400 mg./kg. in the 
rat, and 300 mg./kg. in the dog, is excreted as con- 
jugates, and the path of metabolism is largely by 
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ethereal sulphate and glucuronide conjugation. 
The butyryl side chain appears to survive intact, 
and no evidence of oxidation to more complex 
phenols was obtained. 

3. Ethereal sulphate conjugation at the 5- 
hydroxyl group leads to 5-butyryl-2:4-dihydroxy- 
phenyl hydrogen sulphate, isolated as its potassium 
salt. This was converted into 5-hydroxy-2:4- 
dimethoxybutyrophenone, and the synthesis of 
this substance is described. 

4. Glucuronic acid conjugation at the 4- 
hydroxyl group leads to 4-butyryl-2:5-dihydroxy- 
phenyl glucosiduronic acid, which was not isolated 
but was converted into 4-hydroxy-2:5-dimethoxy- 
butyrophenone. The isolation and synthesis of this 
substance is described. 

5. Dogs readily tolerate a daily dose level of 
0-5 g./kg. for 1 year, and rats a daily dose level of 
1-5 g./kg. for 2 years, with negligible storage of 
2:4:5-trinydroxybutyrophenone in fat, liver, brain 
and kidneys. 

Our thanks are expressed to Mr F. Sidell for technical 
assistance, to Mr George L. Covert of the Industrial 
Laboratory, Kodak Park, for the determination and 
evaluation of the infrared spectra, and to Dr D. F. Ketchum 
of the Microanalytical Laboratory for microanalyses. 
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Metabolism of the Developing, Retina 


2. THE EFFECT OF AN INHERITED RETINAL DEGENERATION 
ON THE DEVELOPMENT OF GLYCOLYSIS IN THE RAT RETINA* 


By C. N. GRAYMORE} anp KATHARINE TANSLEY?{ 
Institute of Ophthalmology, University of London 


AND MARGARET KERLY 
Department of Biochemistry, University College London, Gower Street, London, W.C. | 


(Received 30 October 1958) 


An inherited retinal degeneration which bears a 
striking resemblance to human retinitis pigmentosa 
has been described in rats (Bourne, Campbell & 
Tansley, 1938) and other animals (Tansley, 1933; 
Parry, 1953). The defect is inherited as a simple 
Mendelian recessive, and histologically the condi- 
tion is characterized by the degeneration of the 
whole of the outer retina between the inner nuclear 
layer and the choroid. 

Graymore (1959) observed a dramatic increase in 
glycolysis in the retina of the developing rat, 
towards the end of the second week of life, coin- 
ciding approximately with the time at which the 

* Part 1: Graymore (1959). 

Department of Pathology. 
Wernher Research Fellow, Medical Research Council. 
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eyes opened. Since this surge in activity did not 
appear to be light-dependent (Graymore, 1958a), it 
was suggested that it might be a reflexion of the 
stage of histological development, possibly being 
a manifestation of the differentiation of the visual 
cells. This idea gains support from the observation 
that subsequent destruction of the visual cells by 
intravenous injection of iodoacetate leads to a 
much reduced rate of retinal glycolysis (Graymore 
& Tansley, 1959a, 6), and it has been suggested 
that the visual cells may make a major contribu- 
tion to the high rate of retinal glycolysis. 

The development of glycolysis in rats exhibiting 
the inherited retinal degeneration has been studied 
to determine whether or not metabolic changes 
accompanied the cellular breakdown. Such studies 
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might help to compare the iodoacetate-induced and 
inherited degenerations which Noell (1953) believes 
may be identical. 


METHODS 


Animals. The animals used were albino and black-and- 
white rats of either sex, aged between 5 days and 7 months, 
ali of which were bred from the original stock used by 
Bourne et al. (1938), and maintained subsequently at 
University College London and the Institute of Ophthal- 
mology. The animals were fed ad lib. on diet 41 of Bruce & 
Parkes (1946). Black-and-white and 
corresponding ages were used as controls. 

Histology. The procedure was that described by Gray- 
more & Tansley (1959a). 


rats of either sex 


Measurement of anaerobic glycolysis. The animals were 
killed either by dislocation of the cervical vertebrae or by 
decapitation, according to size, and the retinae removed 
intact within 2 min. of the death of the animal as described 
by Graymore (19585). One to two retinae were incubated 
for Lhr. at 37° in Warburg flasks containing 4 ml. of 
Krebs—Ringer bicarbonate buffer (Krebs & Henseleit, 1932) 
gassed with N, + CO, (19:1, v/v) and fortified with 200 mg. 
of glucose/100 ml.; evolution of CO, was measured mano- 
metrically. Previous experiments in which both CO, 
evolution and lactic acid accumulation were measured in 
the same flask had shown that the former provided a 
satisfactory measure of glycolysis. After incubation, the 
protein content of the flasks was estimated by the micro- 
Kjeldahl method, and the glycolytic value was expressed 
as pl. of CO, liberated/hr./mg. of protein (963,)- 


RESULTS 


Fig. 1 shows the changes in the rate of glycolysis 
during the development of normal and degenerating 





retina. Up to the eighteenth day there is little 
difference between the experimental and the 
80 
60 
ZS 40 
Ss 
20 
0 Ll 
20 40 60 80 1005 7 
Age (days) (months) 
Fig. 1. Change in the levels of retinal anaerobic glycolysis 


during the development of normal rats (broken line) and 
rats having the inherited retinal degeneration (contin- 
uous line). Vertical lines represent the s.z.m. Where no 
vertical line is given the s.E.M. is too small to show. 
Number of animals per group (left to right): controls, 3, 
4, 2, 2, 2, 1, 2, 6; experimental, 4, 2, 5, 6, 4, 3, 3, 3, 3, 3, 4, 
2, 4. 
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control groups, although the retinae from the 
affected stock do not show maximum activity until 
18 days (q33, 53-5+2-6), whereas in 
animals the maximum is attained by about 14 days 
(983, 50-6+6-5). After 18 days there is consider. 
: the 
animals maintain their mature value, whereas the 
glycolytic activity in the experimental group falls 
abruptly, returning to a value similar to that in the 
immature retina by the end of the fourth week 
(968, 28-5 + 6-1). This value remains approximately 
constant for the following 10 weeks, but then there 
is a further decline in activity, the last value 
recorded being 13-0 + 1-6 at 7 months. 

Histology. Histological examination of retinae 
from the affected stock showed that the course of 
the degeneration was essentially the same as re- 
ported originally by Bourne e¢ al. (1938). Develop- 
ment is quite normal during the first 2 weeks of 
life, and although scattered pyenotic rod nuclei can 
be seen by the end of the second week, they do not 
make any significant contribution until about 
3 weeks of age. The general nervous differentiation 
is complete by 18 days, although the rod nuclei are 
not completely differentiated until 5-7 weeks. 
Until the end of the third week of life, therefoze, 
the histological pattern of the developing retina is 
comparatively normal; the visual cells attain full 
maturity and then begin to degenerate. At 
5 weeks the peripheral region of the retina is still 
comparatively normal, apart from an unusually 
high number of pyenotic nuclei, but the outer 
nuclear layer of the central retina is becoming 
thin and disorganized and many of the remaining 
cells are dead. By 14 weeks the whole of the outer 
retina, comprising the rods and their nuclei and 
the outer fibre layer, has disappeared, resulting in 
the close apposition of the inner nuclear layer and 
the choroid. 


normal 


able divergence. The retinae from control 


DISCUSSION 


The times of onset of the biochemical and histo- 
logical deviations are not sufficiently separated to 
allow of a clear-cut decision about which is the 
cause and which is the effect. The death of cells 
which in normal health exhibit a high rate of 
glycolysis would produce the observed effect, but 
the speculation that degeneration may result from 
failure of some particular glycolytic enzyme is also 
attractive in view of the genetical nature of the 
condition. Cell death might then be the result of 
inability to survive on a much reduced rate of 
glucose utilization. Some support for this latter 


concept is gained from a consideration of the 
differing rates at which the two phenomena 


proceed; the decline in glycolytic activity is very 
abrupt, whereas cell degeneration continues over 4 
period of weeks. At 28 days, when glycolysis has 
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returned to the immature level, large areas of the 
retina are still unaffected and over the next few 
weeks, whilst the degeneration continues, the 


glycolytic level remains fairly constant. 
The difference between the time courses of the 


two phenomena could be explained on the basis of 


a considerable delay between actual cell death and 
cellular disorganization and degeneration, but it is 
not easy to reconcile this view with evidence from 
the of 
healthy, mature rats with a carefully chosen. dose 
of sodium iodoacetate results in a fall in the glyco- 


iodoacetate-poisoned retina. Treatment 


lytic activity of the whole retina and total de- 
struction of the visual cells (Graymore & Tansley, 
1959a, b). This ability of iodoacetate to destroy the 
visual cells has been observed previously in other 
animals (Schubert & Bornschein, 1951; Noell, 
1952), and Noell (1953) stressed the histological 
similarity of the chemically induced and hereditary 
lesions in the monkey, cat and rabbit. From this 
standpoint it is of interest that the glycolytic 
levels of retinae from rats having the hereditary 
degeneration lie between 28-5+6-1 and 33-8+4-1 
from the fourth to the fourteenth weeks of life, and 
the glycolytic level of retinae from normal mature 
animals 1 week after destruction of the visual cells 
with iodoacetate is 30-15+0-83. This indicates a 
further point of similarity between the two con- 
ditions. 

In contrast with this, however, the visual-cell 
debris is removed completely within 7 days of 
treatment with iodoacetate. This suggests that in 
the present investigation cell death may be a 
gradual process, and that it may be preceded by the 
glycolytic inhibition. The greater rapidity of the 
iodoacetate-induced destruction could be accounted 
for in terms of the wider action of the inhibitor; 
iodoacetate is not very specific in its action although 
its ability to inhibit glycolysis is particularly 
marked. 

It should be noted, on the other hand, that 
Sorsby & Nakajima (1958) were unable to produce 
degeneration in the retina of the rat or rabbit by 
intravenous injection of other established glycolytic 
poisons or respiratory inhibitors, although some 
degree of degeneration was achieved by using a 
combination of fluoride and cyanide. This appears 
to argue against the idea that a simple glycolytic 
lesion might produce retinal damage, but apart 
from the combined fluoride and cyanide experi- 
ments relatively small numbers of experiments 
were carried out and the difficulties of establishing 
correct dosage levels is a complicating factor. 
this Laboratory, for example, the determination of 


In 


the precise level of iodoacetate required to produce 
retinal damage necessitated the analysis of a very 
large number of animals (Graymore & Tansley, 
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1959a). The further fall in activity in retinae from 
the affected rats after 14 weeks probably reflects 
the layers of the 
retina; histological examination of retinae from 
animals at this 
evidence of adhesion, some distortion and vascular 


gross changes in remaining 


more advanced stage showed 
changes. 

It is not possible at present to draw any firm 
conclusions about the precise relationship between 
glycolytic inhibition and visual-cell degeneration ; 
more information is required about other aspects of 
retinal metabolism under these conditions. 


SUMMARY 


1. The changes in the rate of anaerobic glyco- 
lysis in retinae removed from rats having an 
hereditary visual degeneration have been com- 
pared with those seen in the normal rat retina. The 
developmental patterns are very similar up to the 
third week of life, but thereafter the glycolytic 
activity of the degenerating retina falls rapidly. 

2. Both the histological and the biochemical 
changes commence at approximately the same 
time, although the course of the biochemical 
change is much more rapid. 

3. The significance of these findings is discussed. 
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Salicylate causes an increased oxygen consumption, 
a rapid disappearance of glycogen and a reduction 
of the contents of creatine phosphate and adenosine 
triphosphate in the isolated rat diaphragm, and it 
was suggested that these effects were due to inter- 
ference with oxidative-phosphorylation reactions 
in the tissue (Smith & Jeffrey, 1956). This paper is 
concerned with the action of salicylate on oxidative- 
phosphorylation processes in mitochondria pre- 
pared from rat liver. The confirm the 
observations of Brody (1956), Penniall, Kalnitsky 
& Routh (1956) and Penniall (1958) that salicylate 
uncouples the phosphorylations associated with the 
oxidation of various substrates in respiring mito- 
chondrial preparations from rat liver, kidney and 


results 


brain. With succinate or f-hydroxybutyrate as 
substrate, 1-5 mm-salicylate completely inhibited 
the phosphate uptake, but part of the phosphoryl- 
ation accompanying the oxidation of «-oxoglutarate 
appeared to be resistant to salicylate. The swelling 
of mitochondria which occurs spontaneously in 
0-25M-sucrose solution was inhibited by salicylate. 


METHODS 


Male Wistar rats (250- 
300 g.) were killed by stunning, and the livers were 


Preparation of mitochondria. 


removed, weighed and rapidly homogenized in 5-7 vol. of 
ice-cold Potter 


Elvehjem homogenizer. The homogenate was centrifuged 


0-25M-sucrose solution in an all-glass 
for 10 min. at 600g to remove red cells, nuclei and cell 
debris and the supernatant was centrifuged for 20 min. at 
5000 g. The sediment was suspended in 0-25M-sucrose and 
centrifuged for 10 min. at 15 000 g and the mitochondrial 
sediment in a volume of 
numerically equal (in ml.) to the original weight (in g.) of 
the liver; thus 1 ml. of this suspension was derived from 
1 g. of liver. The nitrogen content of the mitochondrial 
suspensions varied from 2-0 to 2-9 mg. of N/ml. of sus- 


resuspended 0-25 M-sucrose 


pension. The morphological purity of the preparations was 
checked by phase-contrast microscopy; occasional nuclei 
were seen but cell debris was absent. 

of Portions 
(0-5 ml.) of the mitochondrial suspension were added to 
Warburg flasks containing 0-02M-potassium phosphate 
buffer (pH 7-4), 0-01m-KCl, 5 mm-MgSO,, 


Measurement oxidative phosphorylation. 


mM-sodium 


adenosine triphosphate (ATP), 0-01M-glucose, 0-8 mg. of 
hexokinase [L. Light & Co., Ltd.; activity 28 000 K.M. 
(Kunitz & McDonald, 1946) units/g.] in 0-2 ml. of 1% 


(w/v) glucose solution, 0-1-5-0 mm-sodium 
0-03mM-NaF and 0-01 ™-substrate, in a total 
2-0 ml. The substrates used were succinate, B-hydroxy- 
butyrate and «-oxoglutarate as their sodium salts. The 


salicylate, 
volume of 


a-oxoglutarate solution was prepared and added, together 
with the fluoride, immediately before the addition of the 
mitochondrial suspension. Perchloric acid (0-2 ml.; 60%, 
w/w) was placed in the side arm of each flask and the 
centre well contained 0-2 ml. of 20% (w/v) KOH solution. 
The flasks were incubated with shaking at 25°, the gas 
phase being air. After 6 min. for equilibration, the oxygen 
uptake was measured for 30 min. and phosphate measured 
in the reaction mixtures by the method of Allen (1940). 
Initial values for the phosphate were obtained at zero time 
and experimental values after incubation for 30 min.; the 
reactions were stopped by the addition of the perchloric 
acid from the side arm. The disappearance of inorganic 
phosphate from the reaction mixture was taken as a 
measure of the amount of high-energy-bond formation. 
The oxygen consumption was estimated in a number of 
experiments with «-oxoglutarate as a substrate and without 
sodium ATP, to study the effects of salicylate on the 
respiration of mitochondria in an ATP-deficient system. 

Measurement of swelling of mitochondria. Mitochondria! 
suspension (0-1 ml.) was added to optical cuvettes con- 
taining 3-7 ml. of 0-25m-sucrose and 0-02M-2-amino-2- 
hydroxymethylpropane-1:3-diol HCl (tris) buffer, pH 7-4. 
Either 0-2 ml. of water or 0:2 ml. of sodium salicylate 
solution, to give final salicylate concentrations from 0:1 to 
5-0 mm, was added and the extinctions were measured at 
520 my in a Hilger Uvispek spectrophotometer against a 
solution in which 0-1 ml. of 0-25M-sucrose solution was 
substituted for the mitochondrial suspension. 


RESULTS 


Results in Table 1 show that 0-1—5-0 mm-salicylate 
had no significant effect on the oxygen uptake of 
the mitochondrial suspension with «-oxoglutarate 
as substrate (P > 0-1 for all salicylate concentra- 
tions), but it decreased the uptake of inorganic 
phosphate. This effect became significant (P 0-02) 
at a concentration of 0-5 mm-salicylate where the 
mean P/O ratio was approximately two-thirds of 
the corresponding control value. Table 2 contains 
the results of similar experiments with B-hydroxy- 
butyrate as substrate. The oxygen consumption 
was not significantly affected by the salicylate 
(P > 0-1) but 0-1, 0-5 and 1-0—5-0 mm-salicylate 
caused 16, 80 and 100 % inhibition respectively of 
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the phosphate uptake. The higher salicylate con- other cases where a phosphate uptake was observed 
centrations (1-5 mM) produced an increase of the difference was significant (P 0-02). 
orthophosphate in the reaction mixture. With an ATP-deficient system and «-oxoglutarate 
The results with succinate as substrate (Table 3) as substrate the mitochondrial suspensions showed 
resemble those observed with f-hydroxybutyrate a low rate of oxygen uptake (Fig. 1), but in the 
except that the higher concentrations of salicylate presence of 5 mm-salicylate the oxygen consump- 
also produced a depression of the oxygen uptake of tion increased almost to the rate obtained when 
the mitochondrial suspensions, amounting to about optimum amounts of ATP (mM) were present. 
? 40% for 5mm-salicylate. Comparison of the Fig. 2 shows that 5 mm-salicylate completely 
| amounts of orthophosphate present initially prevented the swelling of mitochondria suspended 
(40 umoles) and those remaining after incubation in a solution containing 0-25M-sucrose and 0-02Mm- 
sylate, ) in the various experiments showed no significant tris at pH 7-4. This effect was less evident with the 
me Of difference (P > 0-1) for 5 and 2 mm-salicylate in lower salicylate concentrations and absent with 
lroxy- Table 1 and for 0-5 mm-salicylate in Table 2. In all 0-1M-salicylate. Penniall (1958) has shown that in 
3. The cates 


gether } 


_ 


of the Table 1. Effect of salicylate on the P/O ratios of mitochondria with «-oxoglutarate as substrate 
60%, Reaction mixture: 0-02M-potassium phosphate buffer, pH 7-4, 16 mm-KCl, 5 mm-MgSO,, mm-sodium ATP, 0-01 m- 
ad the glucose, 0-01 M-x-oxoglutarate, hexokinase (0-8 mg.) in 0-2 ml. of 1% glucose, 0-1-5-0 mm-sodium salicylate, 0-03 m- 
lution. sodium fluoride and 0-5 ml. of mitochondria in 0-25M-sucrose, in a total volume of 2-5 ml. The side arm of the Warburg 
he gas flasks contained 0-2 ml. of 60% perchloric acid and the centre well 0-2 ml. of 20% KOH and filter paper. The nitrogen 
xygen | content of the mitochondrial suspension ranged from 2-0 to 2-9 mg. of N/ml. of suspension. The temperature was 25° and 
asured the gas phase was air. Incubation was carried out for 30 min., after a 6 min. equilibration period. Mean values are given 
(1940). } for the results. 
‘o time Conen. of 
n.; the salicylate Number of Uptake of O, Uptake of P P/O 
chloric | (mM) experiments (wg-atoms) (ug-atoms) ratios 
rganic 0 42 3-78 8-7 2-30 
L as a 5-0 11 4:27 0-4 0-09 
nation 2-0 5 4-11 0-8 0-19 
iber of 1-0 5 3-99 3-4 0-85 
rithout } 0-5 3 3-95 6-0 1-52 
nin. the 0-1 5 4-01 8-2 2-04 
tem. = ————— ———_——— — 
ondria! Table 2. Effect of salicylate on the P/O ratios of mitochondria with B-hydroxybutyrate as substrate 
8 con- 
nino-2- Experimental conditions were as described in Table 1, with 0-01 M-8-hydroxybutyrate as substrate; results are given as 
oH 7-4. } mean values. 
licylate Conen. of 
0-1 to salicylate Number of Uptake of O, Uptake of P* P/O 
ured at (mm) experiments (ug.atoms) (ug.atoms) ratios 
ae 0 13 2-39 5-1 2-13 
ane 5-0 3 2-96 -5-6 
| 2-0 3 3-13 —3°3 
1-0 é 2-39 0-8 
0-5 3 2-62 1-0 0-38 
0-1 3 3-02 4:3 1-42 


* Negative values indicate an increase in the orthophosphate content of the medium. 
icylate 


ake of : 3 ; ; ; Pe a 
anal } Table 3. Effect of salicylate on the P/O ratios of mitochondria with succinate as substrate 
eentra- Experimental conditions were as described in Table 1, with 0-01 M-succinate as substrate; mean values are given for the 
yrganic results. 
> 0-02) | Conen. of 
we the salicylate Number of Uptake of O, Uptake of P* P/O 
. al (mM) experiments (ug-atoms) (ug.atoms) ratios 
irds 0 . 
a 0 12 5-16 8-3 1-61 

anne 5-0 6 2-82 —4:9 
droxy- 2-0 2 4-61 - 3-6 
mption 1-0 3 3-13 2° 
: 0-5 3 5°33 3:1 0-58 
licylate a a 

a 0-1 3 5-42 7-6 1-40 


licylate 
vely of * Negative values indicate an increase in the orthophosphate content of the medium. 
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hypotonic media 2 mm-salicylate caused an initial 
slowing of mitochondrial swelling followed by an 
accelerated rate of swelling in the later stages. 


DISCUSSION 
These 


of Brody (1956), Penniall e¢ al. (1956) and Penniall 
(1958) in demonstrating that salicylate uncouples 


results are in general agreement with those 


the phosphorylations associated with the oxidation 
of substrates, such as succinate and f-hydroxy- 
butyrate, in respiring mitochondrial suspensions. 
The work of Brody (1956) and Penniall (1958), 
which showed that salicylate resembled other un- 
coupling agents in stimulating the respiration of 
mitochondria in an _ acceptor-deficient 
(Lardy & Wellman, 1952), has been confirmed. The 
zero values for the P/O ratios with succinate and 
p-hydroxybutyrate in the presence of 1-5 mm- 
salicylate indicated that these concentrations of 


system 


salicylate uncouple the phosphorylations associated 
with the entire respiratory chain. A portion of the 


phosphorylation accompanying the oxidation of 


a-oxoglutarate may be resistant to 1 and 2 mm- 
salicylate (Table 4). Similarly, with lower salicylate 
concentrations (0-5 and 0-1 mM) the «-oxoglutarate 
values are higher than with the other two sub- 
strates. A possible explanation of this effect is that 
the substrate phosphorylation accompanying «- 
oxoglutarate (Hunter, 1951) is not 
affected by salicylate. The accumulation of excess 


oxidation 


of inorganic phosphate in the presence of 1-5 mm- 
salicylate, with succinate or B-hydroxybutyrate as 
substrate (Tables 2 and 3), suggests that these 
concentrations of salicylate may stimulate adeno- 
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Fig. 1. 
chondria in an ATP-deficient system. 
were as described in Table l. O, 


salicylate with ATP omitted from reaction mixture; 
x , control with ATP omitted from reaction mixture. 
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sine triphosphatase, although stimulation of other 
phosphatases cannot be excluded. 

(1956) has 
agents into two main groups depending on whether 


Lehninger classified , uncoupling 
‘ £ 


they prevent or increase the swelling of mito- 
which 
The present results show that salicylate resembles 


condria occurs in 0:25M-sucrose solution. 


the dinitrophenols in belonging to the former 


group. Lehninger (1956) has suggested that the 
different 
chondrial swelling may be related to their sites of 
the mitochondrial surface or 


effects of uncoupling agents on mito- 


action either at on 


intramitochondrial-enzyme systems. 
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Fig. 2. Effect of salicylate on swelling of mitochondria 
Mitochondrial suspension (0-1 ml.) was added to 3-7 ml. 
of solution containing 0-25M-sucrose and 0-02M-tris HCl 
buffer, pH 7-4; 0-2 ml. of water was added to control 
cuvettes and 0-2 ml. of salicylate solution (to give final 
salicylate concentrations from 0-1 to 5-0 mm) to experi- 
mental cuvettes. Extinction values were measured at 
520 mp in a Hilger Uvispek spectrophotometer against 
a solution in which 0-1 ml. of 0-25M-sucrose solution was 
substituted for the mitochondrial suspension. @, 5-0 mm- 
Salicylate ; 1-0 mm-salicylate; ™, 0-5 mm-salicylate; 
-], 0-1 mm-salicylate; O, control. 


Table 4. Effects of salicylate in uncoupling oxidative- 
phosphorylation reactions with various substrates 
Results are derived from those contained in Tables 1-3. 


Substrate: 


B-Hydroxy- 


a-Oxoglutarate butyrate Succinate 
Conen. of P/O ratios 
salicylate (expressed as a percentage of the controls) 
(mm) , - 
5-0 4 0 0 
2-0 8 0 0 
1-0 37 0 0 
0-5 66 18 36 
0-1 89 67 87 


a 7 ——-~, 


~ 


Se 


evn eee eee 


ee 





C) 


ac 


ph 
frc 


Ox 
co 
his 


sm 


Fo. 
im] 
tion 
195 
sho 
in t 


cal 
dec 
cap 
pha 
is a 








[959 
ther } 
ling | 
ther 
nito- 
tion. 
ibles 
rmer 
the } 
nito- 
es of 
r on | 
) 
' 
| 
? 
. 
mdria 
3-7 ml. 
is HC] | 
sontrol : 
e final 
ex peri- 
red at 


igainst 3 


on was | 
»- mM- 
cylate; 


lative- 
rates } 


s 1-3. 





Vol. 72 


The possible relation between the uncoupling 
action of salicylate on oxidative-phosphorylation 
reactions and other effects of the substance on 
carbohydrate metabolism in animals has already 
been discussed by Smith & Jeffrey (1956). Some 
further examples have been reported. Manchester, 
Randle & Smith (1958) found that salicylate in- 
creased the glucose uptake of rat diaphragm incu- 
bated in a bicarbonate medium. This observation is 
explicable (Randle & Smith, 1958) on the basis that 
the entry of glucose into the muscle cells is normally 
restrained by a process dependent on a substance 
generated during oxidative phosphorylation and 
that this restraint is diminished by the uncoupling 
action of salicylate. The incorporation of “C into 
the liver glycogen of intact rats after the injection 
of [2-C]acetate is inhibited by salicylate (Smith, 
1958). This finding is consistent with the view that 
salicylate impairs carbohydrate synthesis by inter- 
fering with oxidative-phosphorylation processes 
and hence the production of high-energy-phos- 
phate-bond compounds which are necessary at 
various steps in the major pathway by which 
acetate carbons are incorporated into liver glycogen. 


SUMMARY 


1. The effects of salicylate on oxidative-phos- 
phorylation reactions in mitochondria prepared 
from rat liver have been studied. 

2. The phosphorylation associated with the 
oxidation of succinate and B-hydroxybutyrate was 
completely uncoupled by 1mm-salicylate and 
higher concentrations; 0-1 and 0-5 mm produced 
smaller but still dofinite effects. 

3. Part of the phosphorylation accompanying 
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the oxidation of «-oxoglutarate appeared to be 
resistant to salicylate. 

4. 5mm-Salicylate increased the rate of oxygen 
consumption in an acceptor-deficient system above 
that in a corresponding control system saturated 
with glucose and hexokinase. 

5. 5mm-Salicylate completely prevented the 
swelling of mitochondria occurring in 0-25M- 
sucrose solution. Lower salicylate concentrations 
caused less-marked effects. 

6. Some implications of these results are dis- 
cussed. 


We wish to thank the Board of Governors of King’s 
College Hospital for a grant towards the cost of the work. 
The Warburg tissue respirometer was purchased by a 
grant from the Central Research Fund of the University of 
London. 
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Some Cation-binding Properties of Cartilage 
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For some years there has been discussion of the 
importance of chondroitin sulphate in the calcifica- 
tion of cartilage. It has been suggested (Stetten, 
1950; Neuman, 1952) that chondroitin sulphate 
should behave analogously to ion-exchange resins 
in the binding of cations. 

Boyd & Neuman (1951) have shown that sodium, 
calcium and barium ions are equally bound to 
decalcified calf costal cartilage, that the binding 
capacity is closely related to the chondroitin sul- 
phate content and that the binding of calcium ions 
is an ion-exchange reaction. 


30 


Sobel (1955) has considered the inactivation of 
the calcification in vitro of rachitic-bone sections 
by cations. The decreasing order of mactivating 
power was shown to be Be*+, Cu*+, Mg?*+, Na‘, 
Sr?+, Kt, and this order is in the same direction as 
the reciprocal of the ionic radii. The mechanism of 
inactivation is said to involve competition between 
the ions for the chondroitin sulphate complex 
present in the organic matrix. 

Simkiss & Tyler (1958) have studied the cation- 
binding properties of the organic matrix of egg 
shells. An acid mucopolysaccharide has been sug- 
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gested as the factor responsible for the binding, and 
the decreasing order of affinity of metal ions for the 
matrix is Fe*+, Al’+, Be?+, Cu2+, Ni?+, Zn?2+, Fe?+, 
Mn?+, Ca*+, Sr?+, Li*, Na*. It has been proposed 
that chelate complexes are formed between the 
cation and the acid mucopolysaccharide, and that 
those metal ions which have the greater affinity for 
the matrix form the more stable complexes. 

The cation-binding capacity of chondroitin 
sulphate has been investigated by Farber & 
Schubert (1957), using a dialysis technique. It has 
been shown that Na* and K* ions half saturate the 
available binding sites and that Ca*+ ions saturate 
about four-fifths of these sites. These authors used 
chondroitin sulphate in solution and its behaviour 
in this state will differ from that of insoluble ion- 
exchange material; with the latter the whole of 
the fixed charge is normally neutralized by excess 
of counter-ion. 

The work of Boyd & Neuman (1951) did not 
include the cation inactivators considered by Sobel 
(1955), and magnesium and potassium were not 
included in the series studied by Simkiss & Tyler 
(1958). A further study of the ion-exchange 
processes involved in the cation binding by 
cartilage was considered desirable to test the 
applicability of Boyd & Neuman’s findings (1951) 
to the cations that inactivate the calcification 
process. The cations studied in this work are Na‘, 
K*, Mg?+, Ca?+, Sr?+, Ba?+, Be?+, Cu2+ and NH,*. 
Barium was included because it was one of the ions 
studied by Boyd & Neuman (1951), and ammonium 
was employed because of its possible use in 
equilibrium studies of the type described by 
Kressman & Kitchener (1949). It was considered 
advisable to use a tissue which contained consider- 
able quantities of chondroitin sulphate. Bovine 
nasal septum, which contained approximately 25 % 
of chondroitin sulphate, was selected for this 
purpose, despite the fact that it is not a normally 
calcifiable tissue. 


EXPERIMENTAL 


Materials. Solutions of cations were prepared from the 
chlorides (A.R.) of the metals with the exceptions of copper, 
where the (cupric) acetate (A.R.) was used, and beryllium, 
where beryllium carbonate was dissolved in formic acid. 
In the experiments on the effect of anions the solutions 
were prepared by dissolving CaCO, (A.R.) in the calculated 
quantities of the required acids. Chondroitin sulphate was 
extracted from bovine nasal septa by the method A2 of 
Einbinder & Schubert (1950) and purified by the method 
recommended by these authors. A second sample, obtained 
from L. Light and Co., was also used. 

Preparation of wash water. Deionized water (from the 
portable Deminrolit plant MK4; The Permutit, Co.) was 
boiled for 30 min., cooled rapidly and used immediately. 
The pH of this water varied from 7-5 to 8-5. 
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Preparation of cartilage. Bovine nasal septum was 
cleaned of other tissue, minced finely and dried overnight 
at 95°. The dried material was ground finely and decalcified 
with a 3% (w/v) solution of the disodium salt of ethylene. 
diaminetetra-acetic acid (previously adjusted to pH 7-3-7-4 
with NaOH), until the calcium content was less than 
6 x 10-* m-equiv./g. of dry cartilage. 

Cation binding by cartilage (Method 1). Approximately 
200 mg. samples of decalcified cartilage were shaken with 
100 ml. portions of the cation solution for 3 hr. Solutions 
containing 1 equiv. of cation/l. were employed, except for 
copper, where a saturated solution of cupric acetate was 
used. The pH of the cation solutions varied between 5-0 
and 6-1, with the exception of solutions of Ca*+ and 
NH,* ions, where values as high as pH 10-5 and 8-7 
respectively were used. The pH of the supernatant solution 
remained practically constant during the experiments. The 
supernatant solution was removed by centrifuging and the 
cartilage was washed five times with 10 ml. portions of 
boiled-out deionized water, the solid being removed each 
time by centrifuging. The solid material was then trans- 
ferred to small beakers with a further 10 ml. portion of 
water. The water was decanted and the solid dried at 95 
overnight. Samples containing NH,* ions were dried for 
48 hr. in vacuo over P,O;. 

The dried samples were then analysed for sulphate and 
bound cation. 

Equilibrium distribution experiments (Method 2). Samples 
(100 mg.) of decalcified cartilage were placed in 50 rl. 
stoppered bottles and 25 ml. portions of cation solution of 
known concentration and pH 6-0-7-0 were added quickly. 
Shaking was carried out manually at intervals during 
several hours. After equilibrium had been reached portions 
of solution were removed for analysis, and the cartilage 
was washed, dried and analysed as described previously. 

Analysis of samples. (i) Sodium and potassium were 
determined by dry ashing at 450-500°, dissolving in 2n- 
HCl and estimating the cations with a flame photometer 
(Beckman model DU with flame-photometer attachment, 
and Lange flame photometer model 5). (ii) Magnesium was 
determined by dry ashing, dissolving in 2N-HCl and titrat- 
ing with ethylenediaminetetra-acetic acid (EDTA), with 
Eriochrome Black T as indicator (Griswold & Pace, 1956). 
(iii) Calcium was determined by dry ashing, dissolving in 
2n-HCl and titrating with EDTA, murexide being used as 
indicator (Dunstone, 1957). (iv) Barium and strontium 
were determined by dry ashing, adding 2 drops of 
10N-H,SO,, evaporating to dryness and weighing the 
residue (Boyd & Neuman, 1951). (v) Beryllium was deter- 
mined by dry ashing, dissolving in 9N-H,SO, and then 
estimating by the method of White, Meyer & Manning 
(1956). (vi) Copper was determined by dry ashing, dis- 
solving in 2N-HNO, and measuring the extinction of the 
copper-EDTA complex at a wavelength of 280 mp in 4 
Unicam SP. 500 spectrophotometer. Owing to the fact 
that the NO, ion absorbs strongly at this wavelength 
(Buck, Singhadeja & Rogers, 1954), it was necessary to 
construct a calibration curve by measuring the extinctions 
of the EDTA complexes of known amounts of copper in the 
presence of the same concentration of NO, ion as that 
used in the analysis of the cartilage. The concentration of 
copper in the sample was then determined by reference to 
this calibration curve. By this method a percentage 
recovery of copper from mixtures of known amounts of 
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CuSO,,5H,O (A.R.) and decalcified cartilage was found to 
be 101+1 (three analyses). (vii) The NH,* ion was deter- 
mined by placing the sample in the distillation unit of 
the apparatus described by Hoskins (1944), adding 10 ml. 
of a saturated solution of sodium borate, steam-distilling 
the NH, liberated into boric acid-indicator mixture 
(Conway, 1947) and then titrating with standard acid. 
(viii) Sulphate was determined by refluxing the sample for 
4hr. with 2n-HCl and then using the method of Fritz, 
Yamamura & Richard (1957). With cartilage to which 
Ba*+, Ca*+ and Sr*+ ions were bound, it was possible to 
adjust the quantity of 2N-HCl so that all the SO,?~ ion 
present would remain in solution. (ix) Chloride was 
estimated by comparison of the opalescence produced by 
mixing the test solution and a solution of AgNO,, acidified 
with HNO,, with that obtained by treating a standard 
chloride solution in similar fashion. Solutions were pre- 
pared in 50 ml. Nessler tubes and comparisons of opales- 
cence were made visually as recommended by The British 
Drug Houses Ltd., & Hopkins and Williams Ltd. (1949). 

Potentiometric-titration experiments. Potentiometric ti- 
trations were carried out by the addition of 3n-NaOH 
from an Agla micrometer syringe burette, and measure- 
ments of pH were made with a Jones model B pH electro- 
meter. Titrations were made on the following materials: 
(i) 0-5 g. of decalcified cartilage (approx. 0-8 m-equiv. of 
sulphate/g.) suspended in 50 ml. of 0-02N-HCIl. (ii) Same as 
(i) with the addition of 0-5 m-equiv. of cation. (iii) 0-5 m- 
equiv. of cation dissolved in 50 ml. of 0-02N-HCl. (iv) 0-1 g. 
of chondroitin sulphate dissolved in 50 ml. of 0-02N-HCI. 
(v) Same as (iv) with the addition of 0-5 m-equiv. of cation. 

In the titration of cartilage suspensions, periods of up to 
1 hr. must be allowed after each addition of alkali for pH 
equilibrium to be attained. 


RESULTS 
Preliminary experiments 


Measurement of velocity of attainment of equi- 
librium. Samples (100 mg.) of decalcified cartilage 
were treated with 25 ml. portions of a solution con- 
taining 7-5 m-equiv. of calcium/l. Shaking was 
carried out manually at 10 min. intervals. Portions 
(lml.) of supernatant solution were taken for 
assay at times 0, 0-5, 1-0, 2-0, 4-0 and 7-Ohr. It 
was found that equilibrium had been established 
after 1-0hr. In all subsequent measurements 
periods longer than this were allowed to ensure 
complete equilibrium. 

Validity of method. During the process of cation 
binding by cartilage it was necessary to shake the 
finely minced heat-dried cartilage with solutions of 
cations and subsequently to remove unbound 
cation by repeatedly washing with aqueous solu- 
tions. During these procedures a proportion of the 
chondroitin sulphate is likely to be extracted from 
the tissue, and some of the bound cation may 
exchange with H* ions. 

In order to investigate the role of chondroitin 
sulphate in the binding of cations by cartilage, it 
was necessary to consider only the chondroitin 
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Table 1. Effect of washing cartilage 
to which cation is bound 
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Calcium-binding experiments were carried out as 
described in Method 1 (Experimental section). Samples of 
the various washings, and of cartilage which had been 
washed 4, 5, 6, 7, 8, 9, 16, 21 and 24 times, were collected 
and analysed. All results are expressed as mean values of 
figures obtained from triplicate experiments. Analyses on 
the dried cartilage are shown in (a) and those on the 
washings in (b). 


(a) 
Sulphate 
Calcium content after 
present binding 
Sample (m-equiv./g.) (m-equiv./g.) 
Cartilage washed 4 times 0-91 — 
Cartilage washed 5 times 0-88 0-82 
Cartilage washed 6 times 0-80 0-81 
Cartilage washed 7 times 0-77 — 
Cartilage washed 8 times 0-83 
Cartilage washed 9 times 0-80 - 
Cartilage washed 16 times 0-86 0-81 
Cartilage washed 21 times 0-79 — 
Cartilage washed 24 times 0-79 
0) 
Calcium Chloride 
present present 
Sample (m-equiv./1.) (m-equiv./I.) 
Fifth washing 2-50 
Sixth washing 0-85 > 0-28 
Seventh washing 0-15 Approx. 0-28 
Eighth washing 0-10 <0-14 
Ninth washing 0-10 Not detectable 
Fifteenth washing 0-05 Not detectable 
Twenty-fifth washing 0-05 Not detectable 


sulphate present in the cartilage after cation 
binding. The chondroitin sulphate that may have 
been extracted from the tissue need not be con- 
sidered, as it would not affect the amount of 
calcium bound to the remaining cartilage. 

In .the study of the possible effects of H*-ion 
exchange with bound cation, experiments were 
carried out by shaking 100 ml. portions of a solu- 
tion of calcium chloride (1 equiv./l., pH 6-0) with 
200 mg. samples of decalcified cartilage. The super- 
natant solution was removed by centrifuging and 
the cartilage was washed with 10 ml. portions of 
boiled-out deionized water, the solid being removed 
each time by centrifuging. The washings were 
collected and analysed for calcium and chloride. 
The solid samples were transferred to small beakers 
and dried at 95°. The dried samples were then 
analysed for calcium and sulphate. The analyses of 
the washings and the cartilage are shown in 
Table 1. These results indicate that: (i) No signifi- 
cant amounts of calcium chloride solution remain 
after the sixth washing. (ii) No chondroitin sul- 
phate is removed by the washing procedures. 
(iii) After the sixth washing only very small 
amounts of bound calcium are removed from the 
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cartilage. This presumably occurs by exchange with 
H* ions, but the amount exchanged may be 
regarded as negligible when the variation in the 
amount of cation bound is considered. 

Equilibrium distribution experiments. Experi- 
ments were carried out by equilibrating 100 mg. 
samples of decalcified cartilage with 25 ml. 
portions of calcium chloride solution (pH 6-0). 
Portions of solution were removed and analysed for 
calcium. The amount of calcium bound by the 
cartilage was thus determined. The concentration 
of calcium solution was increased until the cartilage 
would bind no more cation. The results of these 
experiments are given in Table 2. The maximum 
binding capacity of the same sample of cartilage 
determined by Method 1 (Experimental section) is 
also included in Table 2. Both methods were 
found to give the same value for the calcium- 
binding capacity of the cartilage. 


Table 2. 


Portions (25 ml.) of calcium chloride soln. (pH 6-0) were 
equilibrated with 100 mg. samples of decalcified cartilage. 
Portions of solution were removed after equilibrium had 
been reached and analysed for calcium. All results are 
expressed as mean values of figures obtained from triplicate 


Equilibrium distribution experiments 


experiments. 


Conen. of Calcium 


CaCl, soln. bound 
(m-equiv./I.) (m-equiv./g.) 
4-8 0-58 
78 0-68 
12-4 0-73 
21-2 0-79 
38-5 0-79 
49-0 0-80 


Calcium bound [determined by Method 1 
(Experimental section)] in m-equiv./g. (+8.D.): 
0-80 0-03 (7) 
Table 3. Effect of anions on calcium binding 
by cartilage 


Calcium-binding experiments were carried out as 
described in Method 1 (Experimental section), with 100 ml. 
portions of solutions containing 1 equiv. of the following 
per litre: calcium acetate, calcium chloride, calcium for- 
mate, calcium nitrate and calcium perchlorate at pH 6-7- 
7-0 and pH 10-5-10-6. All results are expressed as mean 
values of figures obtained from duplicate experiments. 


Calcium 


bound 
pH Anion (m-equiv./g.) 
6-9 CH,CO,- 0-85 
10-6 CH,CO, 0-89 
6-8 Cl- 0-86 
10-5 Cl- 0-87 
6-9 HCO, 0-85 
10-5 HCO, 0-85 
7-0 NO,- 0-85 
10-5 NO,- 0-86 
6-7 cl0,- 0-85 
10-5 clo,- 0-83 
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Influence of the anion. The degree of cation 
binding by cartilage might be expected to vary 
considerably according to the nature ‘of the anion 
present, particularly during variation of pH. 
Cation-binding experiments were carried out by 
treatment of 200mg. samples of cartilage with 
solutions containing 1 equiv. of the following per 
litre: calcium acetate, calcium chloride, calcium 
formate, calcium nitrate and calcium perchlorate. 
Two series of experiments were carried out, one at 
pH 6-7-7-0 and the other at pH 10-5-10-6. The 
results given in Table 3 show that the cation- 
binding capacity of cartilage is independent of the 
anion in both ranges of pH. 

Effect of particle size. Experiments were carried 
out with decalcified cartilage of particle sizes 
10-30, 30-60, 60-100 and finer than 100 mesh 
respectively. The cation-binding capacity was 
found to be constant, provided that the particle 
size was smaller than 30 mesh. Particles of 40-100 
mesh were used for all subsequent experiments. 

Effect of pH on metal binding. The calcium- 
binding capacity of cartilage has been shown to 
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Fig. 1. Effect of pH on the binding of cations and 4 
potentiometric titration of chondroitin sulphate. The 
cation-binding capacity of decalcified cartilage for 
Ca?+, Cu?+ and Be?+ ions was determined at various pH 
values as previously described (Method 1, Experimental 
section). The potentiometric titration of a solution of 
0-1 g. of chondroitin sulphate dissolved in 50 ml. of 
0-02N-HCl was carried out with 3N-NaOH as described 
in the Experimental section. The part of the titration 
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curve associated with the neutralization of the excess of | 
acid is not shown in the Figure. A, Ca*+; O, Cu**; 
@, Be?+; @, potentiometric titration of chondroitin 
sulphate with NaOH. 
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vary considerably with pH. This effect is illustrated 
in Fig. 1. It appears that maximum binding 
occurs above pH 5-0. Similar effects have been 
shown for Be?+ and Cu?*+ ions, but no data above 
pH 5-0 are available owing to the difficulty in 
obtaining a high pH without cation precipitation or 
the addition of undesirable anions, which may 
compete with the cartilage for the cation. Constant 
binding capacities for NH,* ions have been shown 
over the range pH 5-0-9-0. 

Owing to the fact that chondroitin sulphate is 
likely to be extracted from the tissue, particularly 
when alkaline pH is used, all analyses were carried 
out on the dry, washed cartilage after cation 
binding. 

Cation binding by cartilage 


Owing to the fact that maximum binding occurs 
at pH 5-0 and above, all experiments were carried 
out at, or above, this value. No attempts were 
made to buffer the cation solutions because of the 
possible competitive effects that other anions and 
cations might exert on the degree of cation binding. 
Where pH adjustments were necessary (experi- 
ments at low and high pH values), these were 
made by suitable additions of hydrochloric acid or 
base (hydroxide of cation under investigation) so 
that no interfering anions or cations were present. 

The cations Na*, K*, Mg?+, Ca*+, Sr?+ and Ba?+ 
(group A) appeared to be bound to cartilage in a 
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similar fashion, whereas the cations Be?+, Cu?+ and 
NH,* (group B) behaved differently. In discussing 
the experimental results, the group A cations will 
be considered collectively and the group B cations 
will be considered individually. The results, which 
show maximum binding capacity for all ions, in 
terms of the ratio cation bound:sulphate content 
are shown in Table 4. 

In group A the sulphate content of the cartilage 
shows a definite correlation with the amount of 
cation bound. Although some variation in the 
amount of cation bound was observed, the ratio 
cation bound (in m-equiv./g. of dry cartilage) :sul- 
phate content (in m-equiv./g. of dry cartilage) may 
be considered as unity. 

With Be?+ ions some difficulty was encountered 
in maintaining solutions at approximately pH 5-0, 
owing to hydrolysis of the Be?+ ion, which may be 
represented by the following equation: 

Be*+ + H-OH = BeOH* + H*. 
This difficulty was overcome by dissolving beryl- 
lium carbonate in the calculated quantity of 
formic acid. A buffer solution of pH 5-0 was thus 
obtained. The pH of this solution remained con- 
stant over long periods of time. This is attributed 
to the fact that the Be?* 
hydrolysed in the presence of the formate ion 
(Sidgwick, 1950). At this pH the Be*+ ion was 
bound by the cartilage to a greater extent than the 


ion is only very slowly 


Table 4. Cation-binding capacity of decalcified cartilage 


Cation-binding experiments were carried out as described in Method 1 (Experimental section). All results are expressed 
as the mean values of figures obtained from the replicate experiments. 


Cation Anion No. of 
used present pH expts. 
Nat Cl- 5-7 4 

» 

K+ Cl- 5-6 3 

4 
Mg?+ Cl- 6-1 2 
» 
4 
Ca?+ Cl- 5-0-10-4 4 
3 
2 
Sr? Cl 5-2 3 
2 
Ba? Cl 59 2 
2 
4 
Be?+ HCO,- 5-0 2 
» 
3 
Cut CH,CO,- 5-3 4 
9 
4 
Nt Cl- 5-6-8-7 7 
3 





Sulphate 
Cation content after i ‘ 
bound binding Cation bound (m-equiv.) 
(m-equiv./g.) (m-equiv./g.) Sulphate present (m-equiv.) 
0-78 0-77 1-01 
0-99 1-01 0-98 
0-90 0-89 1-01 
0-75 0-77 0-97 
0-95 0-87 1-08 
0-81 0-78 1-04 
0-75 0-78 0-96 
0-85 0-81 1-02 
0-92 0-94 0-98 
0-86 0-89 0-97 
0-87 0-86 1-01 
0-77 0-80 0-96 
0-91 0-86 1-06 
0-84 0-80 1-04 
0-73 0-75 0-97 
1-40 0-83 1-69 
1-57 0-77 2-04 
1-55 0-75 2-07 
1-33 0-91 1-46 
1-23 0-98 1-26 
1-07 0-75 1-43 
0-75 0-95 0-79 
0°85 0-81 
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Effect of drying conditions on bound ammonium ions 


Known amounts of decalcified cartilage were shaken with 100 ml. portions of NH,Cl solutions (1 equiv./l.; pH 5-6-8-7); 
the solution was decanted and the cartilage washed with boiled-out deionized water as previously described (Method 1, 
Experimental section). The cartilage was either: (a) dried at 95° and analysed; or (b) dried in vacuo over P,O, and analysed; 
or (c) analysed without drying. All results are expressed as the mean values of figures obtained from the triplicate experi. 


ments. 


Ammonium ion bound (m-equiv.) 





No. of Drying — 
expts. conditions After 16 hr. 
3 95 0-60 
3 In vacuo over P.O; 0-79 
0-81 


3 No drying 


Table 6. Dependence of cation-binding capacity 
on the chondroitin sulphate content of cartilage 


Chondroitin sulphate was successively removed from 
cartilage by method A2 of Einbinder & Schubert (1950) 
and cation-binding experiments were carried out as 
described in Method 1 (Experimental section). All results 
are expressed as the mean values of figures obtained from 
the replicate experiments. 


Sulphate 
Calcium content after 
No. of bound binding 
expts. (m-equiv./g.) (m-equiv./g.) 
3 0-93 0-94 
2 0-85 0-88 
2 0-82 0-80 
2 0-69 0-68 
3 0-64 0-60 . 
4 0-39 0-35 


group A cations. Measurements at lower pH were 
carried out with beryllium chloride solutions to 
which hydrochloric acid had been added. At these 
lower pH values the cartilage was also found to 
bind Be?* ions to a greater extent than Ca?+ ions 
at corresponding pH values (see Fig. 1). 

Copper (Cu?+) ions were also found to be bound 
to a greater extent than the group A cations, but 
to a lesser extent than Be?+ ions. At lower pH 
values Cu?+ ions (cupric chloride solutions to which 
hydrochloric acid had been added) were bound to 
a greater extent than Ca** ions at corresponding pH 
values (see Fig. 1). 

When cartilage to which NH, ions had been 
bound was dried overnight at 95°, a yellow—brown 
material was produced. The NH,*-ion content of 
this material was approximately one-half of that 
found for similar experiments with the cations in 
group A. On longer periods of drying at this 
temperature, the material became darker and the 
NH,*-ion content less. When samples were dried 
in vacuo over P.O, unvarying results were obtained 
over a wide range of drying times. Other samples 
were not dried but assayed wet, and results com- 
parable with those found by drying in vacuo over 
P,O; were obtained (Table 5). The maximum 
binding of NH,” ions was found to be less than that 
observed for the cations of group A. 





Sulphate present (m-equiv.) 


After 72 hr. After 29 days 
0-48 0-33 
0-78 0-76 


After 40 hr. 
0-53 


Dependence of cation binding on chondroitin 
sulphate content of cartilage 


Chondroitin sulphate was extracted from the 
decalcified cartilage by the method A 2 of Einbinder 
& Schubert (1950), and cation-binding experiments 
were then carried out on the cartilage as described 
in Method 1 of the Experimental section, with 
preparations which contained differing amounts of 
chondroitin sulphate. The results of these experi- 
ments, given in Table 6, show that the amount of 
cation bound depends to a large extent on the 
chondroitin sulphate content of the cartilage. 


Potentiometric-titration experiments 


It has been shown (Albert, 1950; Martell & 
Calvin, 1952) that potentiometric-titration methods 
may be used in the detection of chelation. When a 
compound is titrated in the presence and _ the 
absence of cations, shifts in the titration curves 
indicate chelate formation. 

To investigate the nature of the binding of 
cations by cartilage, titrations of decalcified- 
cartilage suspensions and chondroitin sulphate 
solutions were carried out in the presence and the 
absence of the cations K*, Be?*, Mg?+, Ca?+ and 
Cu?*+, 

When cartilage or chondroitin sulphate was 
titrated in the presence of Be*+, Mg?+ and Cu?* ions 
small deviations of the titration curves away from 
those of the cartilage or chondroitin sulphate alone 
were observed. No deviations were observed when 
titrations of these materials were carried out in the 
presence of K* and Ca?+ ions. The titration curves 
obtained by titration of Be?+, Mg?+ and Cu?* ions 


showed steps associated with the precipitation of 


the metal hydroxides (or basic salts). These steps 
occurred at pH 4:7 and 6-0 for Be?+, pH 10-5 for 


Mg?*+ and pH 4-9 for Cu?+ ions. In the presence of 


either cartilage or chondroitin sulphate the 
titration curves showed similar steps but at some- 


what higher pH values. With chondroitin sulphate | 
the steps occurred at pH 4:9 and 6-8 for Be**, | 


pH 10-8 for Mg*+ and pH 5-5—6-1 for Cu*+ ions. At 


all stages of these titrations no precipitation of 


metal hydroxide (or basic salt) was observed, 
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although precipitates were noticed when chon- 
droitin sulphate was absent. With cartilage con- 
siderable time (up to 1 hr.) had to be allowed after 
each addition of 3N-NaOH for equilibrium to be 
established. The titration curves obtained showed 
steps similar to those with chondroitin sulphate. The 
titration curves obtained for the potentiometric 
titrations of (i) 0-5 m-equiv. of copper as CuCl, ,2H,O 
in 50 ml. of 0-02. N-HCl, (ii) 0-5 m-equiv. of copper as 
CuCl, ,2H,O and 0-1 g. of chondroitin sulphate in 
50 ml. of 0-02N-HCl, and (iii) 0-1 g. of chondroitin 
sulphate in 50 ml. of 0-02 N-HCl, are given in Fig. 2. 


DISCUSSION 


The equivalent binding capacity of the cartilage for 
sodium, potassium, magnesium, calcium, strontium 


and barium indicates that a similar mechanism of 


binding is involved in each case. The close correla- 
tion between the binding capacity and the sulphate 
content of the cartilage indicates that chondroitin 
sulphate is primarily responsible for the binding. 
Each disaccharide-repeating unit of chondroitin 
sulphate has one carboxyl and one ester sulphate 
group (Davidson & Meyer, 1955), and it can be seen 
that both of these groups would account for the 
observed binding capacity. It is thought that the 
bivalent metals of group A would combine with the 
chondroitin sulphate moiety through the sulphate 
ester and carboxyl groups to form chelate com- 
pounds. 

A mechanism for the binding of Be®?+ and Cu?+ 
ions is difficult to devise. It is peculiar that these 
two ions, which are bound to the greater extent, 
are the most powerful inhibitors of calcification in 
vitro (Sobel, 1955). 


12 


10 


pH & 


035 040 045 
3N-NaOH added (ml.) 


Fig. 2. Potentiometric titrations of cations in the presence 
and the absence of chondroitin sulphate. @, 0-1 g. of 
chondroitin sulphate in 50 ml. of 0-02N-HClI; O, 0-1 g. of 
chondroitin sulphate and 0-5 m-equiv. of copper (as 
CuCl, ,2H,O), ie. 5 m-equiv. of cation/g. of chondroitin 
sulphate, in 50 ml. of 0-02n-HCl. A, 0°5 m-equiv. of 
copper (as CuCl, ,2H,O) in 50 ml. of 0-02 N-HCl. 
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Bower & Truog (1940) have observed that certain 
clay fractions bind Be?+ and Cu?+ ions to a greater 
extent than the group A ions considered in this 
work. They have reasoned that the greater binding 
of these ions is due to the presence in the cation 
solution of monohydroxide ions (MOH*, where 
M?+ represents the cation), which may attach 
themselves to the clay particle, the degree of bind- 
ing being dependent on the relative concentrations 
of the MOH* and M?+ ions. They have suggested 
that MOH* ions combine with a weak clay acid in 
the following manner: 


Clay” + MOH* -> clay |-M—OH 


A similar, though not identical, situation may 
prevail in the binding of Be?+ and Cu?+ ions by 
cartilage. Feldman & Havill (1952), Gurd & 
Wilcox (1956) and Mattock (1954) have reported 
that monohydroxide ions of Be*?+ and Cu*+ are 
formed in aqueous solution by the hydrolysis of 
the metal ions and that these monohydroxide ions 
tend to associate to form multinuclear complexes. 
The formation of these multinuclear complexes 
occurs in the region of pH somewhat below the 
point at which the insoluble metal hydroxides (or 
basic salts) begin to precipitate. 

Ionic species such as Be?+, BeOH*, Be,OH**, 
Be,(OH),*+ and a second series of ions Be,(OH),,”* 
have been postulated as being present in solution 
by Mattock (1954). Rollinson (1956) reports that 
the most abundant ionic species in beryllium 
nitrate solutions is [Be(H,O)NO,]*, and that, on 
ageing, the nitrate group is replaced by an hydr- 
oxyl group and the resulting hydroxo compound is 
thought to be capable of dimerizing: 


2 [Be(H,O)OH}* 


> [(H,0)Be—O—Be(H,0)]*+ + H,0. 


In a study of copper (Cu?+), Gurd & Wilcox 
(1956) report that Pedersen (1943) has found 
evidence for the presence of dimers, which he has 
formulated as 

[Cu,OH}+ or 


[Cu,O]?+ or 


[(H,O),Cu,OH}*, 
[(H,O),Cu,(OH),]?*. 


The conditions under which these multinuclear 
ions of Be?+ and Cu*+ are formed are similar to 
those used for the cation-binding experiments 
reported here. If such ions combine with cartilage 
through the chondroitin sulphate, then the greater 
binding capacities for these ions can be explained. 
The degree of such binding would be dependent on 
the relative concentrations of the various ionic 
species present in solution. The binding of these 
multinuclear ions by cartilage may occur by 
combination with both the sulphate ester and 
carboxyl groups of the chondroitin sulphate 
moiety. 


and 
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The binding of such multinuclear ions to SUMMARY 
cartilage would thus involve the formation of ring 
systems, and this would explain the stabilization of 1. Decalcified bovine nasal septum showed 
the cation against precipitation during titration equal binding capacities for Na*, K*, Mg**, Ca?+, 
with alkali. Sr?+ and Ba?**+ ions. This capacity was closely 

The potentiometric-titration experiments carried Correlated with the sulphate content, indicating 
out in this study give results which are similar to that chondroitin sulphate was responsible for the 
those obtained by Albert (1950) for the titration of _™ajor portion of the binding. 

a mixture of two substances which do not mutually 2. Cu*+ and Be**+ ions were found to be bound 
form a complex. Under these circumstances the +0 4 greater extent, and NH,” ions were found to be 
precipitation of metal hydroxide (or basic salt) bound to a less extent, than the ions mentioned 
takes place at the same pH as it does when the above. It is possible that the greater binding of 
metal ion is titrated alone. In the titrations with Cu** and Be*+ ions may be related to the powerful 
alkali of Be?+, Mg?+ and Cu?+ ions, in the presence inhibition of calcification of rachitic-bone sections 
of chondroitin sulphate no such metal hydroxide (Sobel, 1955) exhibited by these ions in vitro. This 
(or basic salt) is precipitated. Although each greater binding is attributed to the binding by 
titration curve shows a similar step to the pre- chondroitin sulphate of multinuclear ions of Cu*+ 
cipitation step, the pH at which this occurs is nd Be**. 

somewhat higher than the pH at which the metal 3. The binding capacity for calcium has been 
hydroxide (or basic salt) is precipitated in the Shown to vary considerably with pH, and the 
absence of chondroitin sulphate. These facts lead reasons for the variation have been discussed. 

to the conclusion that some complex between the 4. The possibility that the cartilage may act as 
cation and chondroitin sulphate ig formed and that ® complexing agent in the binding of metals has 
the complex is sufficiently stable to prevent the been studied by potentiometric-titration methods. 
precipitation of the metal hydroxide (or basic salt). It has been concluded that complex compounds are 
Therefore the steps observed in the potentiometric- formed and the cations Be*+, Mg?+ and Cu?* sre 
titration curves cannot be associated with pre- bound sufficiently strongly to prevent the precipi- 
cipitation, but might be associated with the com- tation of the metal hydroxides (or basic salts). 
bination of OH’ ions to cation which is already The author is indebted to Professor H. J. G. Hines of the 
bound to chondroitin sulphate. It would be University of Queensland for continued interest and helpful 
possible for OH ions to combine with such a advice, to Miss H. Bell for technical assistance, to Mr A. 
eation—chondroitin sulphate complex by occupying Seawright of the Queensland Department of Agriculture 
positions in the co-ordination sphere of the parti- and Stock, and Foggitt Jones Pty. Ltd. for supplying the 
cular cation not occupied by the binding groups of Ravine naeit sigte. 

the chondroitin sulphate. This presumably could a 

occur by replacement of co-ordinated water REFERENCES 
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The Acute Toxic Action of Dimethylnitrosamine on Liver Cells 


By MARGOT J. BAILIE anp G. 8. CHRISTIE 
Department of Pathology, University of Melbourne, Australia 


(Received 3 December 1958) 


Dimethylnitrosamine has been shown to be 
selectively hepatotoxic for several species of 
mammals, producing demonstrable necrosis within 
24 hr. (Barnes & Magee, 1954) and, on prolonged 
administration, to produce malignant liver tumours 
(Magee & Barnes, 1956). It is rapidly metabolized 
(Dutton & Heath, 1956) and Magee (1956) demon- 
strated that the liver is the main, and probably the 
only, site of its metabolism. Magee (1957) also 
found that the incorporation of labelled amino 
acids into liver protein is impaired as early as 6 hr. 
after treatment. 

The rapid necrotic effect on liver cells suggests 
that dimethylnitrosamine, or a metabolite, might 
interfere with respiratory metabolism of the liver 
cells, and this paper reports an investigation of this. 


MATERIALS AND METHODS 


Animals 


The animals belonged to a strain of Sprague-Dawley rats 
inbred by brother-sister matings to the stage of successful 
homologous skin grafting. The diet consisted of Poultry 
Growers’ Pellets (Barastoc Products, Melbourne), fresh 
green vegetables and water. Rats were used irrespective of 
sex when they weighed between 150 and 250g. As far as 
possible, litter mates were used for each series of experi- 
ments. Dimethylnitrosamine was injected intraperitone- 
ally in aqueous solution. 


Reagents 

Inorganic reagents were of analytical grade; glass- 
distilled water was used throughout. Cytochrome ¢ was 
prepared by the method of Keilin & Hartree (1937) and 
dialysed against water. Diphosphopyridine nucleotide 
(DPN), adenosine 5’-phosphoric acid, adenosine 5’-tri- 





« 


phosphoric acid (ATP), coenzyme A, L-malie acid and 
sodium pyruvate were obtained from Nutritional Bio- 
chemicals Corp., Cleveland, Ohio, U.S.A. Thiamine pyro- 
phosphate, flavinadenine dinucleotide (FAD), thioctic acid, 
a-oxoglutaric acid, f-hydroxybutyric acid and choline 
chloride were products of L. Light and Co. Ltd. Liver con- 
centrate 202-20 was obtained from Sigma Chemical Co., 
St Louis, Mo., U.S.A. Vitamin B,, was a product of The 
Distillers Co. (Biochemicals) Ltd. Sodium citrate (A.R.), 
sucrose (A.R.), sodium succinate, octanoic acid, nicotin- 
amide and the disodium salt of ethylenediaminetetra- 
acetic acid (EDTA) were obtained from British Drug 
Houses Ltd. Octanoic acid was purified by redistillation in 
vacuo. 

Dimethylnitrosamine was prepared by the method of 
Hatt (1946). , 

The quantity of DPN required for each experiment was 
weighed shortly before use and dissolved in 0-4M-nicotin- 
amide to a concentration of 5 mg. of DPN/ml. of solution. 
This precaution aimed at preventing non-enzymic hydro- 
lysis of DPN, which is otherwise rapid at neutral or acid 
pH, before the beginning of the incubation. A volume of 
0-2 ml. of the mixture was added to each flask immediately 
before addition of the enzyme. In experiments in which 
four runs of twelve flasks had to be made in rapid succession, 
volumetric addition of the DPN was the most practical 
method. 

Tissue preparations 


Animals were killed by stunning and exsanguination, 
and the whole liver was rapidly excised and placed im- 
mediately in aqueous 0-25m-sucrose solution at 0°. After 
chilling, it was removed, blotted dry, weighed on a torsion 
balance and samples were taken for biochemical and 
histological studies. 

Homogenates. Rat-liver homogenates (10%, w/v) were 
prepared in a cold room at 0-1° by means of a Potter-— 
Elvehjem all-glass homogenizer with 0-25 m-sucrose solution 
as the suspension medium. 
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Mitochondria. These were isolated by the Schneider 
(1948) method of differential centrifuging, in a Spinco 
model L refrigerated centrifuge. The centrifuge tubes and 
rotor were cooled before use and loaded in the cold room. 
The nuclei and mitochondria were washed once with, and 
suspended in, 0-25m-sucrose solution. Incubations were 
started between 90 and 120 min. after death of the animal. 
Mitochondrial preparations contained between 1-4 and 
1*8 mg. of N/ml. of suspension. 


Analytical methods 


Manometric estimations of aerobic oxidations by homo- 
genates and mitochondrial preparations were carried out 
in a standard medium in which the final concentrations in 
the Warburg flasks were: adenosine 5-phosphoric acid, 
mM; KCl, 25 mm; MgSO,, 6-7 mm; cytochrome c, 27 uM; 
sodium phosphate buffer, pH 7-3, 13 mm. Substrates were 


added to give a final concentration of 0-01 M, and 0-5 ml. of 


homogenate or mitochondrial suspension was used. The 
total volume in the flask was 2 ml. The gas phase was air 
and the temperature 37°. Any additions to this medium are 
indicated in the appropriate tables. 


Succinoxidase. Activity was estimated by the method of 


Schneider & Potter (1943). 

Choline oxidase. Activity was estimated in a medium 
containing: sodium phosphate buffer, pH 7-3, 0-04; 
CaCl,, 0-4mm; cytochrome c, 274M; choline chloride, 
0-05M. 

Anaerobic glycolysis. Activity was estimated under the 
conditions used by LePage (1948). 

Octanoate and pyruvate oxidations. These were ‘primed’ 
by 1 mm-malate, the oxygen uptake from which was tested 
in separate flasks and subtracted from the total in all 
results quoted. 

Nitrogen. This was estimated colorimetrically after 
Kjeldahl digestion. The Nessler reagent was prepared 
according to the method of King & Wootton (1956). 


Histological preparations 


Samples of all livers from animals poisoned with di- 
methylnitrosamine, and from many of the control animals, 
were examined histologically. The blocks were fixed in 
10% (v/v) formalin buffered to neutral pH with sodium 
acetate. Frozen sections cut at 7 by the method of Louis 
(1957) were stained with Sudan black, Fat red [each a 
saturated solution of the dye in 70% (v/v) ethanol—water] 


Table 1. 
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and with aqueous 1% (w/v) Nile blue sulphate. The acid 
haematein method for phospholipid (Baker, 1946) was also 
used on a special group of sections. Paraffin sections were 
cut at 7 and stained with haematoxylin and eosin, and by 
the Picro—Gomori, Weigert fibrin, Ziehl—Neelsen, periodic 
acid Schiff, Mallory phosphotungstic acid haematoxylin 
and methyl green pyronin methods (Lillie, 1954). 


RESULTS 
Histological changes 


The livers of animals which had received 100 mg. of 
dimethylnitrosamine/kg. body weight showed con- 
sistent histological changes. By the fourth hour 
the cytoplasm of the cells of the inner two-thirds 
of the lobules was swollen and contained numerous 
small vacuoles of fat. Mitochondrial staining was 
greatly reduced. By the eighth hour the cells of 
the outer zone also showed these changes, and in 
the middle and inner zones generalized nuclear 
swelling and isolated necrosis of single cells or of 
small groups of cells were present. Confluent 
necrosis of the inner zone was present by the 
sixteenth hour, and of the middle zone by the 
twentieth hour, At 24 hr. only a periportal rim of 
swollen vacuolated cells survived. No regeneration 
was observed. Mitochondrial-phospholipid staining 
was not lost until immediately before necrosis. 

In addition to fat vacuoles, spheroidal homo- 
geneous inclusions not previously reported were 
consistently observed in the cytoplasm and occa- 
sionally in the nucleus. These stained magenta by 
the Picro—Gomori method, violet by the Weigert 
method, red by the periodic acid Schiff method and 
dark blue by the Mallory method. They did not 
fluoresce in blue nor in ultraviolet light, contained 
no stainable phospholipid, but were weakly acid- 
fast. 

Experiments with homogenates 


Homogenates were used for the initial experi- 
ments. The results shown in Table 1 were obtained 
at a dosage of 60 mg./kg. body weight. Consider- 


Oxidation of various substrates by liver homogenates from control 


and dimethylnitrosamine-poisoned rats (60 mg./kg. body wt.) 


Activities are expressed as yl. of O,/g. body wt./30 min. Each value is the average of three experiments; variation 


within + 10%. 


Control 
Pyruvate 49 
Octanoate 87 
L-Malate 116 
Citrate 94 
L-Glutamate 123 
a-Oxoglutarate 127 
B-Hydroxybutyrate 97 
Succinate 427 
Choline 92 
Blank 42 


Systems are described in Methods. Blank values were not subtracted. 


12 hr. 16 hr. 24 hr. 30 hr. 
19 16 10 0 
42 10 17 0 
86 68 80 22 
80 53 65 ll 
82 76 77 17 
90 71 72 28 
62 55 61 35 

406 330 372 306 
54 35 41 48 
34 27 37 0 
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Table 2. Oxidation of various substrates by liver 
homogenates from control and dimethylnitrosamine- 
poisoned rats (100 mg./kg. body wt.) 

Activities are expressed as pl. of O,/g. body wt./30 min. 

Each value is the average of three experiments; variation 

within+10%. Systems are described in Methods. Blank 


values were not subtracted. 


Control 12 hr. 16hr. 20hr. 


Pyruvate 49 12 15 6 
Octanoate 8S 27 2 ll 
L-Malate 116 78 63 41 
Citrate 94 76 48 28 
L-Glutamate 120 79 55 25 
a-Oxoglutarate 125 105 60 30 
p-Hydroxybutyrate 97 76 40 35 
Succinate 424 421 395 428 
Choline 92 65 90 66 
Blank 42 37 25 17 


able reduction of oxygen uptake with all the sub- 
strates tabulated except succinate and choline was 
evident by the twenty-fourth hour and was well 
developed by the thirtieth hour. 

The 30 hr. required for well-developed biochem- 
ical changes was considered to be an undesirably 
long period, because of the possibility that recovery 
or regenerative processes, if such occur, might by 
then be expected to have become established. It 
was therefore decided to use a higher dose in order 
to accelerate the toxic effect and reduce the varia- 
tion of response of individual animals. 

Table 2 shows that when a dosage of 100 mg./kg. 
body weight was used, the reduction of oxygen 
uptake with many substrates was advanced at 
20 hr. Histologically, at this time, all cells showed 
obvious signs of damnage and some were severely 
affected. Individual variation was also reduced. 

Oxygen uptakes with pyruvate and octanoate 
were inhibited at 12 hr. after administration of 
dimethylnitrosamine. Oxidation of the Krebs- 
cycle intermediates, and of L-glutamate and B- 
hydroxybutyrate, showed a more gradual decline 
although inhibition was advanced at 20 hr. 
Choline oxidation at 12 hr. was reduced below the 
control level, but there was no subsequent fall in 
oxygen uptake. Succinate oxidation was not 
reduced. 


Experiments with mitochondria 

The oxygen uptakes recorded in experiments 
with mitochondria isolated from the livers of 
animals killed at various intervals after poisoning 
with dimethylnitrosamine are shown in Table 3. 

Four flasks were used for each substrate; thc 
first pair contained the standard medium, and to 
the second pair was added approximately 1 mg. of 
DPN. The substrates were tested in successive 
groups of three at hourly intervals in the order 
shown in Table 3. 


iffect of diphosphopyridine nucleotide on respiration of liver mitochondria from control and 


I 


‘ 
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Table 


dimethylnitrosamine-poisoned rats (100 mg./kg. body wt.) 


Systems are described in 


Methods. The first value for each substrate is the oxygen uptake by the preparation (expressed as pl./mg. of N/hr.) without added DPN in 


the medium; the second value is the oxygen uptake by the preparation when 1 mg. of DPN and nicotinamide to a final concentration of 0-04m had been added to the 
medium. The control values are averages of three experiments, and the values for dimethylnitrosamine-poisoned preparations are averages of two experiments at 
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Only slight reductions of activity were recorded 
with mitochondrial preparations from animals 
killed up to 12 hr. after injection of dimethylnitros- 
amine. With all substrates except succinate and 
choline, considerable reductions were recorded with 
preparations from animals killed at 14hr., and 
with preparations made at 15 hr. and subsequently, 
activity was negligible. This rapid loss of activity 
contrasted with the behaviour of the homogenates 
at corresponding times between dimethylnitros- 
amine administration and death of the animal. In 
general, successively smaller oxygen uptakes were 
recorded between 12 and 20hr. with the homo- 
genates, but even at 20 hr. they still retained con- 
siderable activity. 

The addition of DPN to the medium increased 
the oxygen uptake of mitochondria from control 
animals. A considerable rise (44%) was recorded 
with choline as substrate, and a moderate rise 
(10-25%) with t-malate, citrate, L-glutamate, 
a-oxoglutarate and f-hydroxybutyrate. No 
crease was recorded with octanoate. 

The oxygen uptakes of mitochondrial prepara- 
tions from the livers of animals killed up to 12 hr. 
after poisoning by dimethylnitrosamine were 
raised to control values by DPN. Mitochondria 
from preparations made after 14 hr. which, in the 
absence of DPN showed negligible respiratory 
activity compared with that of preparations made 
after 12 hr., recorded oxygen uptakes only slightly 
lower than those of the preparations made after 
12 hr. when the incubations were carried out in a 
medium containing DPN. 

With mitochondria from animals killed at times 
between 15 and 20 hr. after dimethylnitrosamine 
poisoning, successively lower oxygen uptakes were 
recorded in the presence of DPN, but these were 
considerable when compared with the virtual 
absence of activity shown by the same preparations 
in a medium to which DPN had not been added. 

Oxygen uptake with octanoate as substrate was 
not enhanced by DPN. Mitochondrial succinate 
and choline oxidation, in agreement with the 
results of the homogenate experiments, remained 
at normal levels throughout the 20 hr. period. The 
choline oxidase activity of normal mitochondria 
was enhanced when DPN was added to the incuba- 
tion medium. This was also observed with mito- 
chondria from rats poisoned with dimethylnitros- 
amine over the 20 hr. period, and the increase was 
similar in degree to that shown by the control 
preparations. 


in- 


Effects of other cofactors 
Experiments were carried out with liver mito- 
chondria from animals injected with ‘dimethy]l- 
nitrosamine 14-15 hr. before killing, to determine 
whether an increased oxygen uptake could be 
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obtained with cofactors other than DPN. Pyruvate, 
octanoate, and «-oxoglutarate were used as sub- 
strates, and two cofactor mixtures were made. } 
With the first mixture the addition to each flask 
contained coenzyme A 0-1 mg., thiamine pyro- 
phosphate 0-2 mg., thioctic acid 0-1mg., ATP | 
lmg., and vitamin B,, 5yug. With the second 
mixture the addition to each flask contained ATP | 
lmg., FAD 20yug. and crude liver concentrate | 
2 mg. 

No increase of oxygen uptake with any substrate 
was obtained with either mixture. In order to 
ensure that this result was not due to unsatisfactory 
mitochondrial preparations, additional flasks con- 
taining «-oxoglutarate as substrate and 1 mg. of 
DPN in the standard medium were also incubated. 
In each experiment the mitochondrial preparation 
was capable of a considerably increased oxygen 
uptake when DPN was present. 

Thus, of the various cofactors tested, only DPN 
produced any effect. 





Anaerobic glycolysis 

Experiments were carried out to determine 
whether dimethylnitrosamine poisoning reduced 
the capacity of the liver to carry out anaerobic 
glycolysis in addition to aerobic oxidation (Table 4). 

No impairment was demonstrable even at 22 hr., | 
although at this time the activity of many of the 
enzymes of the tricarboxylic acid cycle had fallen to 
negligible levels (Table 2). 


Effect of dimethylnitrosamine in vitro 


Experiments were carried out to determine 
whether dimethylnitrosamine was capable of 
exerting an effect in vitro when added to an homo- 
genate of normal rat liver (Table 5). | 

No significant reduction of activity of the pre | 
paration treated with dimethylnitrosamine oc- 
curred. 


Table 4. Anaerobic glycolysis by liver homogenates 
from control and dimethylnitrosamine-poisoned | 
rats (100 mg./kg. body wt.) 

The medium was that of LePage (1948), and the homo- | 
genate addition was 0:3 ml. in a final flask volume of 2 ml. | 
During the 5 min. equilibration period, a continuous stream | 
of N, +CO, (95:5) was passed through the flasks. Incubs- 
tion was carried out at 37° and readings were taken during 
the first 15 min. Activities are stated as CO, production 
(yl.) by liver tissue/g. body wt./15 min. Each figure 
represents the average of three experiments. 





Time after 












administration 
(hr.) Activity 
Control 84 
1] 89 
17 81 
22 77 
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' 
‘uvate, 


s sub- Table 5. Effect of dimethylnitrosamine in vitro 
made. } 
h flask In each experiment at 10% (w/v) homogenate in 0-25 M-sucrose solution was prepared from the liver of a normal rat and 
pyro- divided into two portions: dimethylnitrosamine was mixed into one portion to yield a final concentration of 0-15m. The 
ATP treated and untreated portions of the homogenate were stored at 0° for the stated periods before the determination of 
, “¢ . + . 7 . . . . . 
second oxygen uptakes, or centrifuging for the preparation of mitochondria. Oxygen consumption was determined in the 
d ATP manner described in Methods. Readings were taken over a 30 min. period. 
: Oxygen uptake 
entrate i Time of (u1./30 min./50 mg. 
} exposure of wet wt. of liver) 
bstrate treated sample . 
no an to dimethyl- Dimethy1- 
Expt. nitrosamine nitrosamine- 
factory no. (hr.) Preparation Substrate Untreated treated 
ks con- I 1 Homogenate Octanoate 150 146 
mg. of 7 Homogenate Octanoate 135 132 
ubated. 1 Homogenate a-Oxoglutarate 117 113 
aration 7 Homogenate a-Oxoglutarate 104 102 
) 
oxygen 2 1 Homogenate Pyruvate 116 113 
5 Homogenate Pyruvate 104 99 
ly DPN 1 Homogenate Citrate 84 79 
. 5 Homogenate Citrate 78 7 
3 3 Homogenate Octanoate 150 146 
3 Homogenate L-Glutamate 110 107 
; 4 Mitochondria Octanoate 102 102 
terminé 4 Mitochondria L-Glutamate 69 71 
reduced | 
aerobic 
Table 4). 
t 22 hr., 
y of the 
fallen to Table 6. Effect of ethylenediaminetetra-acetic acid on oxygen uptakes of liver mitochondria from control 
\ and dimethylnitrosamine-poisoned rats (100 mg./kg. body wt.) 
9 Two homogenates (10%, w/v) were made from each liver, one in 0-25M-sucrose solution and the other in 0-25 M-sucrose 
stermine solution containing 6 mmM-EDTA. Mitochondria were prepared from these homogenates and were suspended in 0-25 m 
able of! sucrose solution. Osygen uptakes were measured as described in Methods over a period of 30 min. 


n homo- : 
Oxygen uptake (l./g. body wt./30 min.) 


the pre- | Mitochondria from animals 
rine oc] Mitochondria from killed 16 hr. after dimethyl- 
' control animals nitrosamine injection 
Expt. Sucrose EDTA-sucrose Sucrose EDT A-sucrose 

vogenates no. Substrate preparation preparation preparation preparation 
poisoned 1 Pyruvate 24 0 10 

2 : 37 - 29 21 

g 56 3( ‘ 
the homo- - ” : B 
re of 2 ml. 2 Octanoate 51 45 43 
yus streall | 3 92 93 1 l 
; suba- - 
; a 4 L-Malate 28 35 4 5 
cen ¢ fg 
production l Citrate 29 2 ll 
ach figure 2 43 26 31 

3 75 80 2 13 

dq L-Glutamate 28 43 3 7 

1 a-Oxoglutarate 34 - 2 11 

2 41 35 37 

3 62 71 3 28 

4 36 44 4 9 

4 B-Hydroxybutyrate 29 36 2 2 








Effect of ethylenediaminetetra-acetic acid 


Gallagher, Gupta, Judah & Rees (1956) demon- 
strated that the presence of EDTA in the medium 
reversed inhibitions of citrate, «-oxoglutarate and 
pyruvate oxidation by liver preparations from 
thioacetamide-poisoned rats. 

Table 6 indicates that no effect comparable with 
that shown for thioacetamide poisoning occurred 
with dimethylnitrosamine. 


DISCUSSION 


The selective, acute toxic action of dimethylnitros- 
amine on the liver, in which an advanced lesion can 
be produced before the animal dies, makes it a 
useful agent in the investigation of the mechanism 
of cellular injury. The liver is also a convenient 
tissue, having been extensively investigated in the 
normal state. 

In a similar study of the action of the pyrrolizi- 
dine alkaloid heliotrine, Christie (1958) discussed 
the desirability of adjusting the dose to obtain a 
lesion in which all the cells of the organ were 
affected by the pathological process to an equal 
extent. Dimethylnitrosamine has a zonal effect at 
low dosage but selection of an appropriate higher 
dose (100mg. of dimethylnitrosamine/kg. body 
weight) produced a reasonable approximation to 
a state of homogeneity, thus avoiding admixture of 
the damaged cells with normal, completely ne- 
crotic or regenerating cells. Histological examina- 
tion of livers on which biochemical determinations 
were made was valuable in selecting the optimum 
dose and in determining the range of individual 
variation in the response of the animals to that 
dose. 

A standard which permits comparison of data 
from different animals is essential in studying the 
evolution of a toxic process over a period of time. 
In work on heliotrine (Christie, 1958) it was found 
advantageous to refer the assay data to the wet 
weight (g.) of liver tissue present/g. body weight of 
the animal. This standard again proved useful for 
comparing homogenate activities. In the mito- 
chondrial experiments it was found that activities 
could be satisfactorily referred either to the body- 
weight standard or to mitochondrial nitrogen. The 
more commonly used standard was therefore 
chosen in constructing Table 3. 

The present results showed that a condition of 
virtual DPN deficiency of several mitochondrial 
DPN-linked respiratory enzymes occurred during 
the course of dimethylnitrosamine poisoning. There 
was an almost simultaneous loss of activity of these 
enzymes beginning after a latent period of some 
12 hr. after administration of the toxic dose, and 
progressing to an advanced stage by 20hr. Re- 
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activation could, for a time, be obtained by the 
addition of DPN to the medium. No similar effect 
could be obtained with any of the other cofactors 
tested. 

Some of the DPN-linked systems affected were 
steps of the Krebs cycle, and thus oxidative meta- 
bolism became disorganized over the period 
between 12 and 20hr. It will be recalled that a 
rapid advance of the histological lesion from one of 
generalized swelling and vacuolation of the cells to 
extensive necrosis occurred during this period. 
However, histological signs of cell injury were 
widespread before 12 hr. It therefore seems reason- 
able to suggest that the terminal stage of mito- 
chondrial DPN deficiency is preceded by earlier 
biochemical processes which culminate in this 
condition. 

The DPN-deficiency effect could be due to 
leakage of DPN from the mitochondria comparable 
with the ‘ageing’ effect with normal mitochondria 
(Ernster, 1956) and with the state induced by 
carbon tetrachloride poisoning (Christie & Judah, 
1954). Alternatively, DPN might be inactivated 
in situ at the mitochondrial enzymic foci, or in 
transit to these sites. Finally, there might be an 
impairment of the synthesis of DPN, which is 
largely a nuclear activity (Hogeboom & Schneider, 
1952; Preiss & Handler, 1958). These possibilities 
are under investigation. 

Survival of the glycolytic and succinoxidase 
systems was also observed in heliotrine poisoning 
(Christie, 1958). With both toxic agents, the level 
of activity of the glycolytic and succinoxidase 
systems was essentially unchanged long after most 
of the liver cells were histologically dead. En- 
hanced activity of surviving cells seems an un- 
likely explanation for the maintenance of a steady 
level throughout the course of gross disorganization 


by two dissimilar agents. On the other hand, both | 


systems are notable for a resistance to disruptive 
fractionation methods which is not usually found 
with systems of equivalent complexity. It was 
therefore concluded, both with dimethylnitros- 
amine and with heliotrine, that cell death did not 
alter succinoxidase and glycolytic capacity of the 
liver over the duration of the experiments. 

Some toxic agents which have been investigated 


along the present lines have shown the capacity to ° 


exert an action on normal liver preparations in 
vitro. Dimethylnitrosamine did not show a direct 
effect on homogenates of normal rat liver in vitro. 
This supports the evidence of Magee (1956) that the 
actual hepatotoxic agent is not dimethylnitros- 
amine itself but a metabolite which is formed from 
it in the liver. 

The failure of EDTA to reactivate homogenate 
or mitochondrial preparations excluded the possi- 
bility that the suggested mechanism of action of 
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thioacetamide on the liver cell—by determining an 
intracellular accumulation of calcium ions—played 
any part in the action of dimethylnitrosamine. 


SUMMARY 


1. The acute hepatotoxic action of dimethy]l- 
nitrosamine was investigated with homogenates 


and mitochondrial preparations from the livers of 


rats injected with 100 mg./kg. body weight at 
various times between 8 and 24 hr. before killing. 

2. Aerobic oxidation of pyruvate, octanoate, 
L-malate, citrate, L-glutamate, «-oxoglutarate and 
B-hydroxybutyrate progressively decreased after 
the twelfth hour and was grossly reduced by the 
twentieth hour. Aerobic oxidation of choline was 
only slightly reduced. Succinoxidase activity and 
anaerobic glycolysis were unaffected even when 
necrosis was extensive. 

3. Oxygen uptakes of the diphosphopyridine 
nucleotide-linked systems could be greatly raised by 
the addition of diphosphopyridine nucleotide to the 
mitochondrial incubation medium. No other co- 
factor tested was effective. 

4. Dimethylnitrosamine did not show an effect 
in vitro on normal rat-liver homogenate. Ethylene- 
diaminetetra-acetic acid did not reverse the inhibi- 
tion of aerobic oxidation of mitochondrial pre- 
parations made 16 hr. after poisoning. 


The authors are indebted to the National Health and 
Medical Research Council of Australia for support in the 
early stages of this work. 
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Identification of Amino Sugars 


By M. J. CRUMPTON* 
Microbiological Research Establishment, Porton, Wilts 


(Received 22 December 1958) 


v-Glucosamine and p-galactosamine have long 
been known to occur naturally. During the last 
few years, however, D-gulosamine (van Tamelen, 
Dyer, Carter, Pierce & Daniels, 1956), D-mannos- 
amine (Comb & Roseman, 1958), p-fucosamine 
(Crumpton & Davies, 1958), ‘muramic acid’ 
(3-O--carboxyethyl-p-glucosamine; Strange & 
Kent, 1959) and an N-acetylaminohexuronic 
acid (Clark, McLaughlin & Webster, 1958) have 
been isolated in crystalline form from natural 
products. 

Amino sugars occur in N-acetylated form in 
* Present address: Laboratory of Cellular Physiology 


and Metabolism, National Heart Institute, Bethesda 14, 
Md., U.S.A. 


those bacterial polysaccharides which have been 
investigated, but since acid hydrolysis is usually 
the first step in analysis the unacetylated sugar is 
released. The simplest method of detection and 
estimation is that described by Elson & Morgan 
(1933), in which neutralized hydrolysates contain- 
ing 2-amino-2-deoxy aldose sugars give a charac- 
teristic chromophore on treatment with alkaline 
acetylacetone. and p-dimethylaminobenzaldehyde 
hydrochloride. A variety of modifications of this 
method have been described (see Rondle & Morgan, 
1955a) but, although the wavelength of maximum 
absorption may differ with different modifications, 
for a particular technique the majority of sugars 
give the same absorption maximum. 
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Paper chromatography (Partridge, 1948) has 
been widely used for provisional identification. 
Although it is possible by this means to differenti- 
ate a number of these sugars, some of them occupy 
overlapping positions. Leaback & Walker (1957) 
have also shown that owing to ionic interactions 
between amino sugar salts and weakly basic or 
acidic chromatographic solvents pure sugars may 
give more than one spot. It is therefore apparent 
that even a provisional identification by this means 
is unreliable. Nevertheless, in many cases, amino 
sugars present in natural materials have been pro- 
visionally identified by paper chromatography 
alone, authentic samples of only glucosamine and 
galactosamine being used for reference. In some 
cases this tentative identification has been sup- 
ported by the characterization of the aldose formed 
on degradation of the sugar with ninhydrin 
(Stoffyn & Jeanloz, 1954); this method, however, 
distinguishes only epimeric pairs of sugars. In 
relatively few cases have the sugars been isolated 
in crystalline form and unequivocally identified by 
comparison of their properties with those of 
authentic samples. This is laborious and requires 
relatively large amounts of material and there is 
need for an alternative and more rapid method of 
identification. 

The identification of an amino sugar by measure- 
ment of the volume of acid required to elute it 
from a column of Dowex 50 resin has been sug- 
gested by Gardell (1953). A method such as this 
would be especially valuable in being applicable to 
small amounts of material and would, in certain 
cases, permit the isolation of the amino sugar for 
confirmation of its identity by other means. 

This paper describes the order in which a number 
of amino sugars are eluted with acid from columns 
of Zeo-Karb 225 resin and includes some data on 
the estimation of these sugars and the orders of 
separation of the N-acetylated sugars on paper 
chromatograms and paper electrophoresis. It is 
possible from the data presented to make a more 
accurate judgement of the identity of certain 
sugars, without using the authentic sugar as a 
standard for comparison, than by paper chromato- 
graphy alone. Rigorous identification is still, 
however, possible only after the crystalline sugar 
has been isolated. A preliminary report of this 
work has been published previously (Crumpton, 
1958). 


MATERIALS AND METHODS 


Amino sugars. p-Glucosamine and JN-acetyl-p-glucos- 
amine were commercial samples (L. Light and Co. Ltd., 
Bucks): The preparation of talosamine described . by 
Crumpton (1957) was used in some experiments and D- 
fucosamine hydrochloride was prepared according to 
Crumpton & Davies (1958). D-Fructosamine acetate 
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(1-amino-1-deoxy-pD-fructose) was synthesized by the 
method of Maurer & Schiedt (1935). Grateful acknowledge. 
ment is made for the following gifts: p-mannosamine and 
p-talosamine hydrochlorides (Kuhn & Bister, 1957; Kuhn 
& Fischer, 1958), p-gulosamine hydrochloride (van 
Tamelen et al. 1956), p-glucosaminuronic acid (Heyns & 
Paulsen, 1955), natural and synthetic muramic acid and a 
synthetic stereoisomer (Strange & Kent, 1959), N-acetyl-p. 
xylosamine (Wolfrom & Anno, 1953), N-acetyl-p-allos- 
amine (Jeanloz, 1957), and p-galactosamine hydrochloride 
and N-acetyl-p-galactosamine (Professor W. T. J. Morgan, 
F.R.S., The Lister Institute, London, 8.W. 1). 

Aqueous solutions of the amino sugar hydrochlorides 
(0-1%, calc. as free base) were stored at — 10°. N-Acetyl- 
p-xylosamine and N-acetyl-p-allosamine were deacetylated 
by hydrolysis with 0-5n-HCl in sealed ampoules at 100° for 
5 hr. The hydrolysates were evaporated to dryness in vacuo 
and redissolved in water to give 0-1% soln. as free base; 
100% recoveries of amino sugar were assumed when 
calculating the volume of water to be added. N-Acetyl 
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; 


derivatives of other amino sugars were prepared as | 


described by Roseman & Ludowieg (1954). To 1 ml. of a 
0-2% soln. of the amino sugar was added 1-5 ml. of 0-5% 
NaHCO, soln. and immediately afterwards 2 drops of A.R. 
acetic anhydride. The mixture was shaken and allowed to 
stand at room temperature for 24 hr.; Na* was removed by 
passage through a column of Zeo-Karb 225 resin (The 
Permutit Co. Ltd., London, W. 4; Ht form washed with 
water to pH 7) and the neutral eluate containing the N- 
acetyl amino sugar was freeze-dried. Unchanged amino 
sugar could not be detected in n-HCl eluates of the column 
collected after elution of the N-acetyl amino sugar. 
Recoveries of the N-acetylated sugars were therefore taken 
to be 100% and the sugars were redissolved in water to 
give 0-1% solutions. 

Amino sugar determination. Amino sugars were esti- 
mated by the method of Rondle & Morgan (1955a) with 
20-100 ug. amounts of base. Colour intensities were 


measured in a Unicam SP. 600 spectrophotometer with a | 
2cm. cell at the wavelength of maximum absorption. | 


Absorptions of amino sugars other than muramic acid and 
fructosamine were determined at 530 my after 1-2 hr. and 
are expressed as a percentage of that given by an equal 
weight of glucosamine base. Colour intensities given by 
muramic acid were measured at 505 my after 24 hr. and of 
fructosamine at 550 my after 1-2 hr. 

Partition chromatography. Single-dimensional descending 
paper chromatography was used with Whatman no. 1 
paper and the following solvent systems: phenol-aq. NH; 


soln. (Dent, 1948), butanol-acetic acid—water (4:1:5, by | 


vol.) and butanol—pyridine—water (6:4:3, by vol.). Sugars 
were applied in 100yug. amounts in volumes of 10ul. 


Papers were sprayed with alkaline acetylacetone followed | 


by the p-dimethylaminobenzaldehyde hydrochloride re- 
agent (Partridge, 1948) to reveal amino sugars and their 
N-acetyl derivatives. The rate of movement of each sugar 
has been expressed relative to that of glucose (Rg) deter- 
mined on the same chromatogram. 

Paper electrophoresis. Electrophoresis was carried out in 
borate buffer, pH 10 (sodium tetraborate, 23-4 g., and ¥- 
NaOH, 30 ml./l.), on Whatman no. 3 paper. by the enclosed- 
strip method (Foster, 1952). The applied p.d. was 1300v, 
which gave a current not greater than 25 ma, and the 
duration of electrophoresis was 2-5 hr. N-Acetyl amino 
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sugars were revealed by spraying with p-anisidine—HCl 
(Hough, Jones & Wadman, 1950) and their rates of move- 
ment have been expressed relative to that of glucose run at 
the same time (Ry). 

Ion-exchange resin chromatography. Amino sugars were 
examined according to the method of Gardell (1953), as 
described by Rondle & Morgan (19556), with a column 
filling of Zeo-Karb 225 resin (8% cross-linkage; > 200 
mesh particle size; H* form) and 0-33N-HCl as eluent. 
Glass columns about 43 em. long and 0-8 cm. in internal 
diam. were packed with resin suspended in 4N-HCl after 
two cycles through the Na* form and thoroughly washed 
with 0-33N-HCl. Samples (200 yg. in 0-2 ml.) of the sugars 
were added and eluted with 0-33N-HCl at a rate of 2 ml./ 
hr.; 1 ml. fractions were collected in 10 ml. graduated test 
tubes with a photoelectric drop counter and a Locarte 
Fraction Collector (The Locarte Co., London, 8.W. 7). The 
normality of HCl collected before and after elution of the 
amino sugars was checked by titration against standard 
alkali. The fractions were neutralized (phenolphthalein) by 
careful addition of N-NaOH, immediately back-titrated 
with 0-33N-HCl until the indicator colour just disappeared 
and diluted to 2 ml. with water. The amount of eluted 
amino sugar present was determined as previously described 
and the absorption spectrum produced by that fraction 
containing the greatest amount of sugar was measured. 
Amino sugars other than muramic acid and fructosamine 
were estimated with glucosamine standards; amounts of 
muramic acid and fructosamine were measured with 
standards of the same sugar. Recoveries of 90-95 % of the 
amount of amino sugar added to the column were usually 
obtained. The rate of movement of a sugar, measured in 
terms of the total effluent volume corresponding to the 
Iml. fraction which contains the greatest amount of 
sugar, has been expressed relative to that of glucosamine 
determined at the same time (Rgicosamine)- Columns were 
regenerated after each run by elution with 4n-HCl followed 
by 0:33N-HCl until the effluent was 0-:33N. 


RESULTS 
Paper chromatography and electrophoresis 


Although R values are not sufficiently reliable for 
the identification of sugars on paper chromato- 
grams, the orders of separation of sugars are 
reproducible and when this order is known for a 
variety of solvent systems an idea of the identity of 
an unknown sugar may be gained without reference 
to authéntic samples (Davies, 1957). In the present 
work the R, value of each amino sugar was found to 
be reproducible within narrow limits for the same 
chromatogram, but comparison of the results of 
different chromatograms indicated that this value 
may vary by as much as 10% for sugars whose 
rate of movement is much slower than that of 
glucose. The orders of separation of the amino 
sugars and N-acetyl amino sugars which have been 
available for comparison on chromatograms 
developed in the solvents listed in the Methods 
section are shown in Table 1. The R, values 


(average of two or more determinations; + 0-04) 
31 
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are given only to indicate the region occupied by 
a particular sugar and the degree of overlap to be 
expected between sugars which occupy adjacent 
positions. In butanol—pyridine—water and phenol 

aq. NH, soln. all sugars gave a single spot. How- 
ever, when butanol—acetic acid—water 
ployed as solvent amino sugars other than muramic 
acid and glucosaminuronic acid gave two over- 
lapping spots. This was probably due to the forma- 
tion of some amino sugar acetate by interaction of 
the amino sugar hydrochlorides with the solvent 
(Leaback & Walker, 1957). For this reason R, 
values for the amino sugar hydrochlorides in this 
solvent are not included in Table 1. 

Amino sugars other than muramic acid and 
fructosamine gave cherry-red spots when sprayed 
with the hexosamine reagents; muramic acid gave 
a salmon-pink and fructosamine a reddish purple. 
N-Acety! amino sugars other than N-acetylfructos- 
amine were detected with the hexosamine reagents 
as purple spots or with p-anisidine—HCl, which 
gave different coloured spots with the different 
classes of sugars; N-acetylhexosamines produced 
light brown, N-acetylfucosamine yellow and N- 
acetylxylosamine reddish brown. No detectable 
reaction was given by N-acetylfructosamine with 
either of these spray reagents; the position of this 
sugar was revealed with either urea—phosphoric 
acid (Wise, Dimler, Davis & Rist, 1955) or orcinol— 
trichloroacetic acid (Klevstrand & Nordal, 1950). 

The order of separation and R, (+ 90-02) of the 
N-acetyl amino sugars on paper electrophoresis are 
shown in Table 2. 


was em- 


Detection and estimation of amino sugars 


Samples (1 ml.) of each amino sugar at concen- 
trations of 20-100,yg./ml. were treated with 
alkaline acetylacetone followed by the p-dimethyl- 
aminobenzaldehyde hydrochloride reagent, and the 
absorption spectra of the chromophores formed 
were measured 5min., 6hr. and 24hr. after 
heating at 70° for 10min. All of the sugars 
examined, except fructosamine and muramic acid, 
gave absorption spectra which were similar to the 
spectrum of glucosamine, with a peak of 530 mu. 
Comparison of the absorption spectrum of talos- 
amine with that of glucosamine showed, however, 
that the maximum absorption for talosamine 
coincides with a slightly higher wavelength of 
about 535 my. Fructosamine differed from other 
amino sugars in that the maximum absorption of 
its chromophore coincided with a wavelength of 
550 mu. In each case the wavelength of maximum 
absorption did not alter during the 24 hr. period of 
examination, although a slow diminution in the 
colour intensity at this wavelength was observed 
(cf. Rondle & Morgan, 1955a). The results obtained 
with muramic acid are shown in Fig. 1. After 
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Table 1. 
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Orders of separation of amino sugars and N-acetyl amino sugars on paper chromatograms 


Rg Butanol—pyridine—water Re Phenol-aq. NH, soln. Rg Butanol-acetic acid—water 
0-2¢ p-Glucosaminuronic acid 0-61 p-Glucosaminuronic acid 0-68 p-Glucosaminuronic acid 
0-62 p-Fructosamine 1-26 Muramic acid p-Galactosamine 
0-66 p-Allosamine 1-5% p-Glucosamine p-Allosamine 
0-69 p-Galactosamine { p-Galactosamine p-Glucosamine 
0-75 p-Talosamine 161  4p-Gulosamine p-Talosamine 

ne | D-Glucosamine | p-Mannosamine p-Gulosamine 
0-76 . . _ ° . : 
| Muramic acid 1-65 p-Allosamine p-Fructosamine 
0-77 p-Gulosamine 1-66 p-Talosamine p-Mannosamine 
0-80 p-Mannosamine 1-68 p-Xylosamine 1-00 

100 | p-Xylosamine 1-71 p-Fructosamine p-Xylosamine 

|p-Fucosamine 2-00 p-Fucosamine p-Fucosamine 

1-21 N-Acetyl-p-galactosamine 1-70 N-Acetyl-p-glucosamine 1-39 Muramic acid 
1-30 N-Acetyl-p-glucosamine 1-72 N-Acetyl-p-mannosamine 1-38 N-Acetyl-p-galactosamine 
1-32 N-Acetyl-p-allosamine 1-81 N-Acetyl-p-gulosamine 1-44 N-Acetyl-p-glucosamine 
1-36 N-Acetyl-p-mannosamine 1-82 N-Acetyl-p-galactosamine 1-54 N-Acetyl-p-allosamine 
1-42 N-Acetyl-p-gulosamine 1-83 N-Acetyl-p-allosamine 1-62 N-Acetyl-p-mannosamine 
1-44 N-Acetyl-p-fructosamine 1-84 N-Acetyl-p-xylosamine 1-65 N-Acetyl-p-talosamine 
1-45 N-Acetyl-p-talosamine 1-88 N-Acetyl-p-talosamine 2-14 N-Acetyl-p-xylosamine 
1-61 N-Acetyl-p-fucosamine 2-07 N-Acetyl-p-fucosamine 2-16 N-Acety]-p-fucosamine 
1-62 N-Acetyl-p-xylosamine - - 


Table 2. Order of separation of N-acetyl amino 


sugars on paper electrophoresis 


Ry 
0-14 N-Acetyl-p-fucosamine 
0-23 f N-Acetyl-p-glucosamine 
= | N-Acetyl-p-xylosamine 
0-33 N-Acetyl-p-galactosamine 
0-42 N-Acetyl-p-allosamine 
0-60 N-Acetyl-p-talosamine 
0-63 N-Acetyl-p-gulosamine 
0-65 N-Acetyl-p-mannosamine 
5 min. the maximum absorption occurred at 


510 mp, which changed on standing to 505 mu. 
The colour intensity at the wavelength of maximum 
absorption increased markedly with time; ab- 
sorptions at 6 and 24 hr. were about 150 and 230% 
respectively of the amount of colour measured 
after 5min. For this reason muramic acid was 
estimated by measurement of colour intensities at 
505 my after 24 hr. It can, however, be seen from 
Fig. 1 that the colour intensity at the wavelength 
of maximum absorption for glucosamine (530 mp) 
does not alter during the test period of 24 hr. and 
thus muramic acid can be estimated as glucosamine 
at this wavelength. The amount of colour formed 
by muramic acid at 530my was equivalent to 
27-1+1-6% (average of seven determinations) of 
that produced by an equal weight of glucosamine 
base. 

Amounts of colour formed by equal weights of 
other amino sugars (yg. as base) were measured at 
530 mp and have been expressed relative to that 
produced at the same wavelength by an equal 
weight of glucosamine base. The ‘equivalent glu- 


cosamine values’ obtained are given in Table 3. It 
can be seen that equal amounts of different sugars 
produce different colour intensities at the wave- 


0-75 


0-50 


0-008%, 
E, cm. 
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480 


500 
Wavelength (my) 


Fig. 1. Absorption spectrum of the chromophore formed 
by muramic acid. Determinations were made at: C 
5 min.; A, 6 hr.; 0, 24 hr. 


length of maximum absorption. The extinction 


values given by 20-100 yg. amounts of each sugar 


followed a straight-line relationship with the 
weight of sugar, and duplicate estimations carried 
out at different times on the same sample rarely 
differed by more than +3% for sugars other than 
fructosamine. Three samples of D-galactosamine 
were examined and the value quoted (92%) was 


1959 


~ 





ti 
al 








1959 


ine 
e 


ine 


formed 


. at: O, 


inction 
h sugar 
th the 
carried 
» rarely 
er than 
ysamine 
0/,) was 





Vol. 72 
Table 3. Amount of colour formed by amino sugars 
at 530 mp relative to that produced by an equal 


weight of glucosamine Bd 
ght of 9 Equivalent 


glucosamine 
value 
(% * 3 %) 
p-Glucosamine 100 
p-Mannosamine 69 
p-Gulosamine 81 
p-Allosamine 83 
p-Fucosamine 92 
p-Galactosamine 92 
p-Glucosaminuronic acid 100 
p-Talosamine 112 
p-Xylosamine 156 


obtained with only one sample; the others gave 
than this. Equivalent glucosamine 
values determined for fructosamine at a wave- 
length of 530my varied from 105 to 158%, 
although the majority of values were between 126 
and 131 %. The factor responsible for this variation 
is not known, but for this reason fructosamine was 
estimated by comparison of colour intensities 
measured at the wavelength of maximum absorp- 
tion (550 my) with those produced by known 
amounts of the sugar. 


less colour 


Ion-exchange resin chromatography 


The effect of the strength of acid used for 
elution on the separation of amino sugars on 
columns of Zeo-Karb 225 resin was determined. 
Samples (0-4ml.) containing 200yg. each of 
glucosamine and galactosamine were eluted from 
the same column with hydrochloric acid of different 
strengths, within the range 0-2—0-9n. Only with 
0-:33N-acid did the sugars appear in completely 
separate peaks; acid of lower strength caused the 
peaks to broaden with consequent overlapping, 
owing to a slower elution rate, and acid of normality 
greater than 0-33N gave sharper peaks which also 
overlapped owing to elution of the sugars in 
smaller volumes of total effluent. The effect of 
different acid strengths on the peak positions of 
glucosamine and galactosamine, expressed as the 
total effluent volume (ml.) corresponding to the 
Iml. fraction containing the greatest amount of 
sugar, are shown in Fig. 2. Although the volume of 
effluent separating the peak positions increases as 
the normality of acid used for elution decreases, the 
ratio of the peak position of galactosamine to that 
of glucosamine (Ryucosamine) Changes from 1-21 
with 0-2 to 1-17 with 0-9N-hydrochloric acid and 
1s constant at 1-20 within an experimental error of 
+ 0-02, when acid of normality between 0-20 and 


055N is used. Furthermore, the same average 
Roaacosamine Value for galactosamine was obtained 


with different columns containing varying amounts 
of resin and 0-33N-acid as eluent. It is concluded 
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that this value is a characteristic property of 
galactosamine. 

The Reucosamine Values of the other amino sugars 


available for comparison were determined. Samples 
(0-2 ml.; 0-1%) of each sugar alone and together 
with 200yug. of glucosamine were eluted from 
columns of Zeo-Karb 225 resin with 0-33N-hydro- 
chloric acid and the peak positions in terms of total 
effluent volume (ml.) measured. The columns used 
had been previously standardized with a mixture 
of p-glucosamine and pD-galactosamine (200 ug. of 
each sugar), which emerged in peak positions that 
were characteristic for a particular column provided 
that acid of the same normality was used as eluent. 
The composite results of the elution experiments are 
shown in Fig. 3; in each experiment only one sugar 
was run at a time together with glucosamine. The 
peaks of p-glucosamine and p-allosamine are 
omitted from this figure for the sake of clarity, since 
these and that of D-galactosamine were subject to 
considerable overlap. The absorption spectrum pro- 
duced on treatment of the 1 ml. fraction containing 
the greatest amount of sugar with alkaline acety]- 
acetone and p-dimethylaminobenzaldehyde hydro- 
chloride was measured, since in this way it was 
possible to differentiate the peaks due to muramic 
acid and fructosamine from those of other amino 
sugars. 


DISCUSSION 


The presence of an amino sugar in a polysaccharide 
can most easily be demonstrated by treatment of 
an acid hydrolysate, after neutralization, with 
alkaline acetylacetone and Ehrlich’s reagent; 
interference due to mixtures of simple carbo- 
hydrates and amino compounds should, however, 
be allowed for (Immers & Vasseur, 1952). Under 
the conditions of the Rondle & Morgan (1955a) 
method amino sugars other than fructosamine and 
muramic acid gave similar absorption spectra with 
a peak near 530myp. Since the chromophores 
formed by fructosamine and muramic acid possess 
characteristic absorption spectra, it is possible to 
detect these sugars, when present either alone or 
with other amino sugars, by this means. Muramic 
acid, unlike the other sugars, gave a maximum 
absorption and a maximum colour intensity which 
varied with time of standing, although the colour 
intensity at 530my was independent of time 
during a test period of 24 hr. This sugar can there- 
fore be estimated at 530 my in terms of glucos- 
amine. A much more sensitive method, however, is 
to compare colour intensities measured at 505 mu 
after 24 hr. with those given by known weights of 
the authentic sugar. The estimation of muramic 


acid has been previously described by Strange & 
Dark (1956), who used the method of Immers & 
Vasseur (1950). 


It was reported that the sugar 
31-2 
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gave an absorption peak at 520 mp and a colour 
intensity equivalent to 69% of that formed by an 
equal weight of glucosamine at the same wave- 
length. Comparison of these results with those 
obtained in the present work suggest that small 
differences in the method of estimation can result 
in significant changes in the absorption spectrum 
and in the amount of colour formed at the wave- 
length of maximum absorption. Equal weights of 
other 2-amino-2-deoxy aldoses produced different 
amounts of colour at 530 my and thus the Rondle & 
Morgan (1955a) method can be used only to esti- 
mate the amount of amino sugar present in a 
polysaccharide when the identity of the sugar is 
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known. Mannosamine has been reported (Comb & 
Roseman, 1958) to give 81-84% of the colour 
formed by an equal weight of glucosamine, whereas 
a figure of 69% was obtained in the current work, 
This difference is presumably due to small varia- 
tions in the method of estimation. Although 
Roseman & Daffner (1956) and other workers have 
reported that glucosamine and galactosamine yield 
equal amounts of colour, samples of galactosamine 
examined in the present work always produced less 
colour than the same weight of glucosamine. This 
difference may have been due to traces of im- 
purities in the galactosamine samples. However, it 
is possible that galactosamine resembles the other 


Rglucosamine 
200 
D-Fucosamine 1°94 
120 
D-Talosamine 1-60 
100 Fe 
D-Fructosamine 1°50 150 t 
= D-Xylosamine 1-43 2 
E 80 5 
mS = 
2 hy 
= D-Allosamine 1-23 
e D-Gulosamine t - 1-20 
= D-Galactosamine 
= 60 
c Muramic acid 1:10 
2 D-Mannosamine 1:07 
5 D-Glucosamine 1-00 100 
x 4 
« 
oO 
a 
Stereoisomer of 0-87 
muramic acid 
20 
D-Glucosaminuronic 0-71 
acid 
0 60 
0-2 0-4 0-6 0-8 1-0 0 10 20 
Concn. of HCI (N) Eluted amino sugar (ug./ml. of effluent) 
Fig. 2 Fig. 3 
Fig. 2. Relationship of normality of HCl used for elution of a Zeo-Karb 225 resin column to the peak positions (total 


effluent volume) of p-glucosamine (©) and D-galactosamine (A). 


~: € . ° 2 . | 
Fig. 3. Order of separation and Rgjycosamine Values of amino sugars eluted from a column of Zeo-Karb 225 resin with | 


0-33 N-HCl. 
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hexosamines which have been examined and does 
not give the same colour intensity as an equal 
weight of glucosamine under the conditions of the 
Rondle & Morgan method. Further work will be 
necessary before this problem can be resolved. 
Differences in experimental technique may account 
for the results obtained by previous workers, since 
equal weights of fucosamine and glucosamine 
produced the same amount of colour when a 
longer period of heating with alkaline acetylacetone 
(30-35 min.) was employed, compared with an 
equivalent glucosamine value for fucosamine of 
92% after heating for 20min. (unpublished 
observations). 

It is evident from a consideration of data ob- 
tained from the examination of amino sugars on 
paper chromatograms developed in a number of 
different solvent systems that it is not possible to 
identify an unknown sugar by this means. The 
method of identification suggested by Gardell 
(1953), in which the volume of acid required to 
elute the sugar from a column of Dowex 50 resin is 
measured, suffers from the disadvantages that acid 
of the same normality, together with a particular 
column which has been previously standardized 
with a sample of the authentic sugar, must be used. 
If, however, the peak position of an amino sugar is 
expressed relative to that of glucosamine run at the 
same time, then the resulting ratio is independent 
of the column dimensions, the amount of resin and 
the normality of the acid used for elution within the 
range 0:20-0:55 N. Ryiucosamine Values determined on 
separate occasions for any one amino sugar have 
rarely differed by greater than +0-02 and have 
usually agreed within +0-01. Since the majority 
of sugars have different Ryycosmine Values they 
can be identified by this means. Of the sugars that 
have been investigated only pD-galactosamine, D- 
gulosamine and pD-allosamine could not be disting- 
uished by this technique. D-Mannosamine and 
muramic acid, which also occupied closely similar 
positions, could, however, be differentiated by 
examination of the absorption spectrum formed in 
the Rondle & Morgan test. It is evident from the 
results that certain amino sugars can also be ‘iso- 
lated by this method. In these cases the identifica- 
tion of the sugar could be confirmed by paper- 
chromatographic and -electrophoretic examinations 
of its N-acetyl derivative. In this way it is possible 
to make a confident judgement of the identity of 
an unknown sugar. 

As observed by previous workers, 0-33N- 
hydrochloric acid was found to give the most 
satisfactory separation of amino sugars with 
columns of Zeo-Karb 225 resin of the dimensions 
given in the Methods section. Under these condi- 
tions D-mannosamine does not separate completely 
from D-glucosamine (cf. Comb & Roseman, 1958) 
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and the peaks of D-talosamine, D-fructosamine and 
D-xylosamine overlap. By careful selection of 
fractions it should nevertheless be possible to 
separate each of these sugars in a 
Neither muramic acid and D-mannosamine 
D-galactosamine, D-gulosamine and p-allosamine 
could, however, be separated by this technique. 

Since this paper was submitted for publication 
Kuhn, Bister & Fischer (1958) have published R 
values for eight hexosamines and their N-acetyl] 
derivatives on paper chromatograms. 


pure form. 


nor 


SUMMARY 


1. The volumes of 0-33N-hydrochloric acid 
required to elute a variety of amino sugars from a 
column of Zeo-Karb 225 resin have been measured 
and expressed relative to the volume required for 
glucosamine so that the values obtained can be 
used to gain an idea of the identity of an unknown 
sugar without reference to authentic samples. 

2. The orders of separation have been recorded 
for the amino sugars and their N-acetyl derivatives 
on paper chromatograms developed in three 
different solvent systems and for the N-acetyl 
amino sugars on paper electrophoresis. 

3. The absorption spectra formed by the sugars 
in the Rondle & Morgan (1955a) test have been 
compared and the amounts of colour produced by 
equal weights have been determined relative to the 
spectrum formed by glucosamine. 

4. The data presented allow a number of 
amino sugars to be identified with confidence. 

I am greatly indebted to Professor K. Heyns, Dr R. W. 
Jeanloz, Major L. H. Kent, Professor R. Kuhn, Professor 
W. T. J. Morgan, F.R.S., Mr R. E. Strange, Dr E. E. van 
Tamelen and Professor M. L. Wolfrom for their generous 
gifts of amino sugars, without which this investigation 
would not have been possible. I wish to thank Dr D. A. L. 
Davies and Dr D. W. Henderson for their advice and 
encouragement. The valuable technical assistance of Mrs 
Joan Shergold and Mr A. J. Manstone is gratefully 
acknowledged. 
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The Relation between the Activity of a Lecithinase 
and the Electrophoretic Charge of the Substrate 


By A. D. BANGHAM anp R. M. C. DAWSON 
Agricultural Research Council Institute of Animal Physiology, Babraham, Cambridge 


(Received 31 December 1958) 


Fairbairn (1948) showed that the mycelium of the 
mould Penicillium notatum was a rich source of 
the enzyme phospholipase B which hydrolysed 
lysophosphoglycerides but not the parent diacyl- 
ated compounds, e.g. lecithin, phosphatidyl- 
ethanolamine. Dawson (1957) observed that pre- 
parations of this enzyme, although unable to 
hydrolyse pure lecithin, were able to attack the 
lecithin of the mixed phospholipid fractions iso- 
lated from liver. It was shown further that this 
property was due to the presence in the fractions of 
small quantities of monophosphoinositide and a 
polyglycerol phospholipid (Dawson, 1958a). When 
either of these substances was added to pure leci- 
thin, the phospholipase B enzyme preparation 
rapidly hydrolysed the substrate with the forma- 
tion of fatty acids and glycerylphosphorylcholine. 

An examination of other lipid and non-lipid 
substances showed that only cardiolipin, a phos- 
pholipid structurally related to liver polyglycerol 
phospholipid, and the triglycerides tristearin and 
tripalmitin produced any appreciable activation of 
the enzymic attack upon lecithin. It was also 
observed that the addition of either monophos- 
phoinositide or cardiolipin to lecithin caused a 
marked reduction in the extent to which the 
lecithin was extracted from its aqueous emulsion 
by organic solvents, e.g. ether and chloroform. This 
reduction in extractability of the lecithin ran 





closely parallel to the degree of activation of the 
enzyme system and, moreover, it was found that 
both the extractability change and the activation 
could be reversed by the addition of Ca** ions. It 
was therefore suggested that the activation was 
connected with some alteration in the surface 
properties of the lecithin particles (Dawson, 
19586). It was thought that the most likely change 
would be found in the ionizable groups contributing 
to the electric double layer between lecithin 
particles and the bulk aqueous phase. It was 
decided therefore to examine the particles by 
microelectrophoresis to determine the sign and 
magnitude of their mobilities, a measure directly 
related to their { potentials. 

Preliminary results showed that the naturally 
occurring activators (monophosphoinositide and 
cardiolipin), when added to pure lecithin, produced 
a net negative charge on the surface of the mixed 
lipid when emulsified in buffer at the pH optimum 
of the enzyme. A further study of this phenomenon 
showed that other anionic amphipathic molecules 
(substances having a hydrophobic portion and a 
polar group: amphi, dual; pathic, 
Hartley, 1936) could be used as activators, but that 
always a minimum net charge was a prerequisite 
for the development of enzymic attack on the 
emulsified substrate irrespective of the anionic 
species tested. The inhibitory effect of various 
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multivalent-metal cations has been tested. The 
inhibitory effect of these multivalent-metal cations 
has been explained on the basis of counter-ion 
binding to the negative groups of the substrate 
essential for enzymic attack. A brief description of 
these findings has already been published (Bangham 
& Dawson, 1958). 


EXPERIMENTAL 


Preparation of emulsions. The lecithin was stored at — 15 
in chloroform solution. The activating amphipathic sub- 
stances studied were usually dissolved in an appropriate 
organic solvent, e.g. chloroform, and mixed with the 
requisite amount of lecithin solution. The solvent was 
removed in vacuo and the lipid mixture emulsified by 
shaking at 37° with 0-02m-sodium formate—formic acid 
buffer, pH 3-3. In studying the activation produced by 
sodium dodecyl sulphate it was not found possible to 
obtain solutions in organic solvents of sufficient concentra- 
tion; consequently this substance was dissolved in the 
formate buffer before emulsification of the lecithin. 
Sodium hexadecyl sulphate was also added to the aqueous 
phase. 

Samples of the various emulsions were used to determine 
(a) the enzymic activity after the addition of a 20% volume 
of the enzyme preparation, (b) the electrophoretic mobility 
of the emulsion particles after the addition of either a 20% 
volume of water or of enzyme preparation. The addition of 
water ensured that the measurements were made at the 
same final ionic strength as those made in the presence of 
the dialysed enzyme. 

Enzyme determinations. The preparation of the enzyme 
extract from P. notatum mycelium has been described by 
Dawson (1958a). No glycerol was used to stabilize the 
enzyme but it was stored frozen at — 15°. The breakdown 
of lecithin by the enzyme preparation was followed by 
determining the release of water-soluble glycerylphos- 
phorylcholine (Dawson, 1956). 

Electrophoretic mobilities of the substrate particles. 
Mobilities were measured by direct observation of the 
particles in a horizontal electrophoresis cell mounted in a 
water bath at 37°. The apparatus used was of the type 
described by Bangham, Flemans, Heard & Seaman (1958). 

The velocities of the emulsion particles in the d.c. 
electric field are expressed in terms of p/sec./v/em. Electro- 
phoretic mobilities can be converted into { potentials by 
using the Helmholtz—-Smoluchowski equation, £ = 4y7 V Je, 
where 7 and ¢ are the viscosity and the dielectric constants 
respectively of the suspending medium and V is the 
electrophoretic mobility in y/sec./v/em. To avoid excessive 
polarization of the electrodes and undesirable thermal 
effects in the electrophoresis cell, the current passed was 
limited to 0-5 ma. A potential of 90v across a 14 em. tube 
with a bore of 2mm. was suitable. With this apparatus, 
measurements could be made within 45sec. after the 
addition of the enzyme to the substrate emulsion and on as 
little as 1 ml. of material. 

Electrophoresis of the enzyme. Initial experiments showed 
that the lysolecithinase activity of the enzyme preparation 
was lost after application to acid-washed filter paper before 
conventional paper electrophoresis. This inactivation was 
largely overcome by impregnating the filter paper with 
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lecithin. Impregnation was achieved by dipping the filter 
paper in a solution containing 3-5 mg. of lecithin/ml. of 
chloroform and drying. Before electrophoresis the treated 
paper was wetted with the appropriate buffer by spraying. 
Parallel strips were run with inositol markers to correct for 
endosmosis, the location of the inositol being determined by 
spraying with the silver nitrate—alkalireagents of Trevelyan, 
Procter & Harrison (1950). The position of the lysoleci- 
thinase was determined by cutting strips 1 em. wide and 
incubating them individually with lysolecithin solution and 
estimating the release of glycerylphosphorylcholine. 

The electrophoresis of the enzyme preparation on starch 
gel was performed according to Smithies (1955), with either 
a 2 mmM-sodium formate—formic acid buffer, pH 3-3, or a 
2 mm-sodium acetate—acetic acid buffer, pH 4-4. Identi- 
fication of the fractions was made by staining part of the 
gel with naphthalene black, the proteins being eluted from 
strips (2-5 mm. wide) of the remainder by the Smithies 
technique. Yields of activity recovered were low but were 
sufficient for the present purposes. 

Materials. Ovolecithin was isolated from mixed egg 
phospholipids by chromatography on alumina and silicic 
acid columns, and monophosphoinositide from guinea-pig 
liver phospholipids (Dawson, 1958a). Cardiolipin was 
given by Dr M. G. Macfarlane. A sample of sodium hexa- 
decyl sulphate and the palmitoyl- and stearoyl-anisidine 
sulphonates were gifts from Professor N. K. Adam, F.R.S.; 
sodium taurocholate was likewise a gift from Professor 
Haslewood; dicetylphosphoric acid was obtained from 
Albright and Wilson (Mfg) Ltd.; all the reagents were of 
A.R. grade and the water was from a Pyrex still. 

The formate buffer (pH 3-3) was prepared by mixing 
63 ml. of 0-02Mm-formic acid and 37 ml. of 0-02M-sodium 
formate solution. 


RESULTS 


Effect of monophosphoinositide and cardiolipin on 
electrophoretic mobility of lecithin emulsions. Initial 
observations of the mobilities of pure lecithin 
emulsified in 0-145 m-sodium chloride at various pH 
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Fig. 1. pH-mobility curves for lecithin (O) and lecithin 
plus monophosphoinositide (@) emulsions. The lipids 
were emulsified in 0-145m-NaCl, the pH was adjusted by 
addition of 0-145 m-HCl and 0-145m-NaOH and mobilities 
were measured at 25°. The phospholipid mixture con- 
tained 8-2 moles of monophosphoinositide/100 moles of 
lecithin. 
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values between 1-0 and 13-0 showed that the iso- 
electric span ranged from pH 3-0 to 13-0. This 
result was to be expected since the lecithin molecule 
contains both strong acid and basic groups. On the 
other hand, when the lecithin was mixed with 
monophosphoinositide (100 moles: 8-2 moles re- 
spectively), the particles showed a plateau of a net 
negative mobility between pH 3-5 and 12-0 (Fig. 1). 
This result indicates that the unesterified ionizable 
group of the monophosphoinositide appear on the 
surface of the lecithin micelle. It seemed possible 
that there was a connexion between the presence of 
such a surplus of negative groups and the ability of 
the enzyme to attack the lecithin. In support of 
this it was found that cardiolipin, another activator 
of the enzyme system, likewise produced a net 
negative charge on the emulsion surface. It was 
therefore expected that any negatively charged 
amphipathic molecule might confer on a lecithin 
micelle a net negative charge and make it sus- 
ceptible to enzyme attack. 

Activation of the enzyme system with synthetic 
amphipathic molecules. So far the following com- 
pounds have been investigated and found both to 
activate the enzyme system and to produce 
particles having a net negative mobility at pH 3-3: 
dicetylphosphoric acid, sodium dodecyl sulphate, 
sodium taurocholate, sodium 1-stearoyl-4-anisi- 
dine-2-sulphonate, sodium 1-palmitoyl-4-pheneti- 
dine-2-sulphonate, sodium 1-palmitoyl-4-anisidine- 
2-sulphonate and sodium hexadecyl] sulphate. 

Fig. 2 shows the effect of adding increasing 
amounts of dicetylphosphoric acid to lecithin on 
both the electrophoretic mobility and the extent to 
which the lecithin is hydrolysed. As was previously 
shown for cardiolipin and monophosphoinositide 
(Dawson, 19586), the enzyme activity does not 
commence until a certain critical concentration of 
the activator has been reached. Lecithin break- 
down then rapidly reaches a maximum and declines 
as further dicetylphosphoric acid is added. The 
electrophoretic mobility of pure lecithin particles 
in formate buffer at pH 3-3 is net positive. This 
contrasts with the apparent lack of electrophoretic 


charge of the particles in 0-145m-NaCl (Fig. 1), 
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where the positive charge has been neutralized by 
much higher concentration of counter Cl 
On adding activator to lecithin particles, the charge 
rapidly changes its sign and the particles then show 
a steadily increasing negative charge, ultimately 
reaching one identical with that for pure. dicetyl- 
phosphoric acid. In the absence of enzyme there is 
no apparent point of inflexion in the curve at the 
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Fig. 2. Electrophoretic mobilities and the 
enzymic hydrolysis on the addition of dicetylphosphoric 
acid to lecithin. The mixed lipid containing 4-2 pmoles of 
lecithin was emulsified in 4:5 ml. of 0-02m-sodium 
formate-formic acid buffer, pH 3-3. A sample (1-5 ml.) 
was incubated with 0-3 ml. of enzyme for 30 min. at 37°. 
Electrophoretic mobilities measured on the 
remainder of the emulsion. 
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Table 1. Minimum concentration of various amphipathic substances necessary to activate enzymic 


hydrolysis of lecithin, and the electrophoretic mobilities of such mixtures 


Anion 
Activator species 
Dicetylphosphoric acid PO, 
Cardiolipin PO, 
Monophosphoinositide PO,- 
Sodium 1-palmitoyl-4-anisidine-2-sulphonate SO, 
Sodium dodecyl sulphate S80, 
Sodium hexadecyl sulphate s0,- 


Critical activation mobility Critical activation 






(u/sec./v/em.) molarity 
pon (molar % of 
With enzyme Without enzyme lecithin) 
— 0-90 -16 8-5 
~ 1-00 -1-9 5-5 | 
-1-2 —1-4 6-0 
— 1-05 —1-6 36-0 
~1-10 ~1-6 0-0011 % in bulk 
aqueous phase 
—1-10 -1:7 0-00065 % in bulk 
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concentration of activator at which hydrolysis 
begins. The presence of enzyme reduces the 
negative charge of the particles, especially above 
those concentrations of activator which support 
enzymic hydrolysis. It is not known at present 
whether this reduction is due to the interaction of 
enzyme with substrate or the adsorption of non- 
specific protein contaminating the enzyme pre- 
paration. 

Table 1 shows that in a 0-02m-formate buffer 
system, activation of the enzyme commenced at an 
approximately constant electrophoretic mobility 
(critical activation mobility) irrespective of the 
type of anion group attached to the amphipathic 
molecule mixed with the lecithin. The reduction of 
the charge on the particles in the presence of the 
enzyme results in the critical activation mobilities 
being less in the presence of the enzyme than in its 
absence. With occasional enzyme preparations this 
difference is very marked, a result which may be 
due to excess of contamination with protein which 
is positively charged at pH 3-3. If the preparation 
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Fig. 3. Effect of the addition of UO,?+ ions on the electro- 
phoretic mobility and enzymic hydrolysis of lecithin plus 
dicetylphosphoric acid particles. Lecithin (8-4 umoles) 
plus dicetylphosphoric acid (2-4 umoles) was emulsified 
in 8-5 ml. of 0-02m-sodium formate—formic acid buffer, 
pH 3-3, containing increasing amounts of UO,(NO,).. 
Samples (1-5 ml.) were incubated with 0-3 ml. of enzyme 
at’ 37° for 20min. Electrophoretic mobilities -were 
measured on the remainder of the.emulsion. 
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is purified by ammonium sulphate fractionation 
this discrepancy disappears. 

When sodium dodecyl sulphate was used as 
activator, it was observed that above the concen- 
tration producing maximum hydrolysis, the 
activity rapidly disappeared. The same loss of 
activity was also apparent if lysolecithin was used 
as substrate; this suggests that the sodium 
dodecyl sulphate is causing inhibition by denatura- 
tion and explains why previous attempts to obtain 
activation with a high concentration of sodium 
dodecyl] sulphate (0-04 %) in the aqueous phase were 
unsuccessful (Dawson, 19585). 

Physicochemical which alter the 
activated lecithin surface and inhibit the enzyme. The 
results reported in Table 1 suggest that the enzymic 
hydrolysis of lecithin was dependent on a critical 
negative charge at the plane of shear of the 
particle, and it was expected therefore that any 
physicochemical mechanism that could reduce the 
magnitude of this charge would inhibit. the enzyme 
reaction. Two such approaches have been. made: 
the first consisted in adding a counter cation to the 
bulk aqueous phase, and the second in matching 
the negatively charged activator molecule by the 
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Fig. 4. Effect of the addition of Th*+ ions on the electro- 
phoretic mobility and enzymic hydrolysis of lecithin 
plus dicetylphosphoric acid particles. Experimental 
conditions were the same as described for Fig. 3 except 
that Th(NO,), was added to the system. 
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addition of a positive amphipathic molecule. 
Figs. 3—5 illustrate the effect of varying the concen- 
tration of a counter ion, e.g. UO,?+, Th** or Ca?*, 
on both the electrophoretic mobility and the 
enzymic hydrolysis of a lecithin emulsion activated 
with dicetylphosphoric acid. 

Each type of counter ion completely inhibited 
the hydrolysis at a concentration just sufficient to 
reduce the net negative mobility to zero, although 
the actual concentration at which this occurred 
varied widely with each cation (UO,?*, 0-19 mn; 
Th**+, 2-2 mn; Ca*+, 7-0 mn). With both UO,?* and 
Th*+ ions it was consistently observed that low 
concentrations caused a slight stimulation of the 
hydrolysis. This stimulated activity changed to 
complete inhibition over a very narrow concentra- 
tion range, e.g. for Th*+, 1-5—2-2 mn. 

Fig. 6 shows the effect on both the enzymic 
activity and the electrophoretic mobility of adding 
increasing concentrations of cetyltrimethylammo- 
nium bromide to a lecithin—dicetylphosphoric acid 
mixture. Here inhibition of hydrolysis was com- 
plete at the critical activation 
mobility. 

Electrophoresis of Penicillium notatum phospho- 
lipase B. When the enzyme preparation was 
subjected to electrophoresis at pH 3-3 on paper 
impregnated with lecithin, that portion of the 
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Fig. 5. Effect of the addition of Ca?+ ions on the electro- 


phoretic mobility and enzymic hydrolysis of lecithin 
plus dicetylphosphoric acid particles. Experimental 
conditions were the same as described for Fig. 3 except 
that CaCl, was added to the system. 
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proteins which hydrolysed lysolecithin remained | 
at the point of application. As endosomosis 


on this treated paper was negligible, this result / 


indicates that the enzyme is isoelectric at the 
pH for hydrolysis of lecithin, i.e. 
pH 3:3. 

After electrophoresis of the crude enzyme pre- 
paration on starch gel at pH 4-4, staining revealed 
the presence of at least 14 protein bands. On 
elution of the bands the activity towards a lyso- 
lecithin substrate was found to lie in a minor 
negatively charged protein band. The activity 
towards a lecithin plus dicetylphosphoric acid 
substrate resided in the identical band, which is 
good evidence for believing that phospholipase B is 
responsible for both lecithinase and lysolecithinase 
activity. Electrophoresis on starch gel at pH 3-3 
confirmed that the phospholipase B activity was 
isoelectric at this pH. 
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Fig. 6. Electrophoretic mobility and inhibition of enzymic 
hydrolysis upon the addition of cetyltrimethylammonium 
bromide to lecithin plus dicetylphosphoric acid particles. 
A mixture of lecithin (8-4 uzmoles) plus dicetylphosphoric 
acid (2-4 zmoles) and varying amounts of cetyltrimethyl- 
ammonium bromide was emulsified in 0-02M-sodium 
formate-formic acid buffer, pH 3-3. Enzyme activity 
and electrophoretic mobility were determined as 
described for Fig. 3. 
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DISCUSSION 


The present enzyme preparation, which possesses 
powerful phospholipase B activity, is clearly not 
pure. The end result of the activated lecithin 
breakdown is the removal of both fatty acids which 
is equivalent to saying that the system shows both 
phospholipase A and B activity. As emphasized 
before (Dawson, 19586), no concrete assumption 
can be made that phospholipase B is responsible 
for the hydrolysis of both acyl fatty acid bonds in 
lecithin, although this is suggested by certain 
evidence such as the identical pH optima and 
behaviour of inhibitors when the enzyme prepara- 
tion is attacking both substrates. The observation 
that after starch-gel electrophoresis (with its high 
resolving power of protein mixtures) the activities 
towards lysolecithin and lecithin substrates lie in 
the same protein band provides more certain 
evidence that the B enzyme is responsible for 
attacking both substrates. 

The present results clearly show that a minimum 
net negative electrophoretic charge is necessary 
before a lecithin particle is attacked by the phos- 
pholipase B preparation. It must be emphasized 
that the electrophoretic charge ({ potential) does 
not represent the actual charge on the surface of 
the particle or micelle, as each will move in the 
electrical field with an associated cloud of counter 
ions which are in equilibrium with those present in 
the bulk aqueous phase. The actual mobility will 
therefore depend on the charge existing at the 
plane of shear between the particles and the 
solution, i.e. the algebraic sum of the surface 
charge and those counter ions within the plane of 
shear. It is also apparent from our results that the 
negative charge required for activation can be 
produced by addition to the lecithin surface of a 
number of differing anionic groups, e.g. phosphate, 
sulphate, sulphonate. On the other hand, little 
activation was observed on the addition of amphi- 
pathic molecules with carboxylic acid groups, e.g. 
fatty acids (Dawson, 19586). This exception can be 
explained by the fact that at the low pH (3-3) at 
which the enzyme functions, most of the carboxyl 
groups would be un-ionized. It also should be 
noted in this connexion that the apparent pK of a 
fatty acid at an interface is higher than when it is 
in free solution (Peters & Wakelin, 1938). Stearic 
acid particles have an observed pK 4-8 (Bangham, 
Pethica & Seaman, 1958), which reduces to 4-2 
when correction is made for its orientation at an 
interface (Verwey & Overbeek, 1948). 

The question arises whether the necessity for a 
minimum net negative charge on the lecithin sub- 
strate is merely due to a more efficient emulsifica- 
tion of the lecithin, or to some specific action of the 
charge in orientating the active group of the enzyme 
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or the surface of the substrate or both. Evidence is 
presented in a later paper which favours such a 
theory of orientation, and this conception will be 
used to discuss the present results. 

In the experiments in which the enzymic activity 
was inhibited by the addition of counter metal ions 
(Ca?+, UO,?+, Th**) it is apparent that inhibition is 
complete only at zero mobility of the particles. 
This contrasts with the minimum mobility neces- 
sary for the hydrolysis to begin in systems not 
containing inhibitor or when inhibition is brought 
about by the addition of positive groups to the 
micelle surface. One explanation of this difference 
is that cations added to the bulk aqueous phase 
may bind to anionic sites on the enzyme as well as 
to the anionic sites on the mixed lecithin—dicety]- 
phosphoric acid surface. This could well be main- 
taining a potential differential between the enzyme 
becoming more positive, and the lecithin surface 
becoming less negative, so that loss of orientation 
and enzyme activity would then occur only when 
the particles lose all effective negative charges. 
This conception might also explain why low con- 
centrations of Th*+ and UO,?* ions actually stimu- 
late the system. Thus it is possible that with low 
concentrations of these ions, preferential binding 
occurs on the anion sites on the enzyme molecule, 
which being isoelectric at pH 3-3 would gain a net 
positive charge. At first sight, this is contradictory 
to the evidence that UO,?+ ion binds phosphate 
groups more effectively than carboxyl groups 
(Kruyt, 1949), but it must be remembered that 
although at this pH most of the carboxyl groups 
are un-ionized, the total number of ionized carb- 
oxyl groups available from the soluble enzyme 
would be considerably greater than the number of 
phosphate groups in the surface of the lecithin 
particle. 

When cetyltrimethylammonium bromide is 
added to lecithin—dicetylphosphoriec acid mixtures, 
complete inhibition of enzymic attack on an 
emulsion of the mixed lipids occurs when the 
particles still have a net negative mobility, which is 
very close to the critical activation mobility re- 
quired for lecithin—activator systems. This could 
be due to the fact that, in this instance, the 
inhibitor cation is present only in the particle 
surface and is not available in the bulk phase to 
bind with the enzyme. 

There are a limited number of examples reported 
in the literature where surface-active agents have 
been used to increase the rate of an enzymic 
reaction. For example, it has been known for some 
years that the rate of hydrolysis of triglycerides by 
pancreatic lipase can be stimulated by the addition 
of bile salts. Recently, Wills (1955) has shown that 
cationic and to a limited extent anionic and non- 
ionic detergents increase the velocity of pancreatic 
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lipase action. Similarly, Kates (1957) has shown 
that 
hydrolysis of lecithin by the phospholipase D (C in 
American terminology) of chloroplasts. The present 
system, however, differs markedly from these 
previous instances in that the presence of the 
activator is an absolute prerequisite for the com- 
mencement of enzymic action. 

It is likely that there may be other examples of 
phospholipases being activated by naturally 
occurring amphipathic substances. Epstein & 
Shapiro (1957) have recently shown that the leci- 
thinase of intestinal mucosa can be activated by 
the addition of fatty acids to the substrate and 
inhibited by bivalent cations. It seems possible 
that as this enzyme is working at near neutral pH, 
the carboxyl groups would impart a negative 
charge on the lecithin particles and that this 
might play a part in the activation phenomena. 

One significant fact emerging from the present 
study of metal-ion inhibition is the delicate poise 
achieved between the hyperactivation produced by 
low concentrations of cation and the very slightly 
higher concentrations which produce complete 
inhibition. It is not difficult to speculate how such 
a sensitive ‘trigger’ mechanism might be em- 
ployed for the control of enzyme systems in the 
living cells, e.g. those of excitable tissues. More- 
over, the principle shown by the present studies 
where the surface charge of the substrate controls 
the enzymic attack might equally well apply to the 
converse situation, that is, an enzyme on a surface 
and a soluble substrate in the bulk phase. 


SUMMARY 


1. Aqueous emulsions of pure lecithin and 
lecithin containing various lipids (monophospho- 
inositide, cardiolipin), known to activate the 
hydrolysis of lecithin by a phospholipase B pre- 
paration, have been examined electrophoretically. 

2. Pure lecithin particles were electrophoretically 
net positive at the optimum pH of the enzyme, 
whereas the activating lipids conferred on them 
a net negative surface. 

3. Other anionic amphipathic molecules (di- 
cetylphosphoric acid, sodium dodecyl sulphate, 
sodium hexadecyl] sulphate, sodium 1-palmitoyl-4- 
anisidine-2-sulphonate and sodium taurocholate) 
added to the lecithin were found to confer a net 
negative charge on its surface and also to activate 
the enzyme system. 

4. In a buffer of constant ionic strength, the 
enzymic activity commenced at a constant ¢ 
potential, independent of the species of anionic 
amphipathic molecule used to activate thé system. 
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5. Inhibition of the enzyme system was pro- | 
duced by the addition to the bulk aqueous phase of 
various multivalent counter cations (Ca?*+, UO,?*, 
Th‘*+) and was complete when the observed { | 
potential became zero. 

6. Addition of a cationic amphipathic molecule 
(cetyltrimethylammonium bromide) to the acti- 
vated lecithin emulsion produced complete in- 
hibition of the enzyme when the mobility of the 


emulsion particles fell below the critical activation } 


value. 

7. Electrophoresis of Penicillium notatum phos- 
pholipase B on paper and starch gel showed it was 
isoelectric at its pH optimum (3-3). After starch- 
gel electrophoresis, lysolecithinase and lecithinase 
activity resided in the same protein band, which 


provides additional evidence that these enzymes 


are identical. 

8. It is concluded that a prerequisite for the 
attack of P. notatum phospholipase B on lecithin 
is that the substrate particles carry a minimum net 
negative ¢ potential. 

The authors are indebted to Sir Alan Drury, F.R.S., and 
to Sir Rudolph Peters, F.R.S., for their interest and to | 
Professor N. K. Adam, F.R.S. for his helpful advice. We 
also acknowledge the skilled assistance of Miss Norma 
Hemington and Mr Albert Bernard. j 
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The Activation of Surface Films of Lecithin by Amphipathic Molecules 


By R. M. 


C. DAWSON anp A. D. 


BANGHAM 


Agricultural Research Council Institute of Animal Physiology, Babraham, Cambridge 


(Received 31 December 1958) 


In the preceding paper it was shown that a phos- 
pholipase prepared from Penicillium notatum will 
hydrolyse lecithin only after the addition of a 
minimum proportion of amphipathic 
molecules, e.g. dicetylphosphoric acid, cardiolipin, 
sodium dodecyl sulphate (Bangham & Dawson, 
1959). The onset of hydrolysis occurred only when 
the emulsion particles carried a minimum net 
negative charge, independent of the species of 
anion added. 

The question arose whether the negative charge 
on the surface of the emulsion particle was directly 
concerned with the reaction between enzyme and 
substrate at the interface, or whether it merely 
dispersed the substrate more efficiently. This paper 
attempts to answer this question by a study of the 
action of the phospholipase on surface films of 
lecithin and of lecithin containing dicetylphos- 
phoric acid. The technique developed for this study 
was to float films of [**P]lecithin and to follow the 
loss of radioactivity from the surface film as the 
water-soluble glycerylphosphorylcholine produced 
by the enzyme diffused into the aqueous phase. 


anionic 


EXPERIMENTAL 


Preparation of [®*P lecithin. Baker’s yeast (Saccharomyces 
cerevisiae) was grown under the conditions described by 
Williams & Dawson (1952), the medium being based on one 
described by Olson & Johnson (1949). It contained the 
following (per 1.): glucose, 20g.; ammonium acetate, 
5-0 g.; potassium dihydrogen phosphate, 0-2 g.; MgSO,, 
7H,0, 0-25 g.; sodium citrate, 1-0 g.; L-asparagine, 2-5 g.; 
biotin, 20ug.; calcium pantothenate, 0-5 mg.; inositol, 
10-0 mg.; thiamine, 4-0 mg.; pyridoxine, 1-0 mg.; ZnSO,, 
7H,O, 1-8 mg.; Fe(NH,).(SO,).,6H,O, 1-05 mg.; CuSO,, 
5H,0, 0-1 mg. 

A volume (21.) of the medium was adjusted to pH 5-0 
with N-sulphuric acid and 2-4 mc of carrier-free **PO,® 
ions was added. The medium was not sterilized but it was 
heavily inoculated with fresh yeast. Growth was allowed to 
continue for 21 hr. at 30° with vigorous aeration, by which 
time 90-95% of the inorganic phosphorus had been in- 
corporated into the yeast. 

The suspension of yeast cells was centrifuged and the 
supernatant discarded. The yeast sediment was washed 
with 200 ml. of water and the residue extracted by refluxing 
with 100ml. of ethanol for 30 min., with continuous 
stirring to avoid violent bumping. On cooling, the ethan- 
olic extract was decanted and filtered, the residue was 
extracted by further refluxing for 30 min. with 150 ml. of 


methanol-chloroform (1:1, v/v) and the suspension 
filtered. The filtrates were pooled and evaporated to 
dryness in vacuo. The lipid residue was then dissolved in 
50 ml. of ethanol and the ethanol removed in vacuo to 
complete dehydration. The residue was next thoroughly 
extracted with 100 ml. of diethyl ether; insoluble matter 
was removed by filtration and the filtrate evaporated to 
dryness. The residue was dissolved in 4 ml. of ether and 
40 ml. of acetone was added; after allowing the solution to 
stand for 1 hr. at 0°, the precipitate of phospholipids was 
recovered by centrifuging. The acetone-damp precipitate 
was extracted, first with 8 ml. of chloroform—methanol 
(1:1, v/v), and then once more with 4 ml. of the same 
solvent, any insoluble material being removed by centri- 
fuging. The phospholipids were then passed through an 
activated alumina column (15 em. long x 0-8 em. diameter; 
Hopkins and Williams Ltd.) in chloroform—methanol (1:1, 
v/v). The lecithin fraction was detected by monitoring the 
effluent with a Geiger counter and came through in the 
first 25 ml. emerging from the column. This fraction was 
evaporated to dryness and chromatographed on a silicic 
acid column (10cm. x0-8cm.; Mallinckrodt Ltd.) in 
chloroform—methanol (68:32, v/v). Fractions of 5 ml. were 
collected and the lecithin emerged in tubes 18-33 with 
some tailing to tube 40. The resulting lecithin counted at 
1-5-3-0 x 10° counts/min./ umole under a mica end-window 
B-counter and was stored at — 15° in chloroform solution. 
Analysis by mild alkaline hydrolysis (Dawson, 1954) 
showed glycerylphosphorylcholine as the sole phosphorus- 
containing degradation product. 

Apparatus for detection of enzyme action on [**P lecithin 
films. (See Fig. 1.) The [*?P]lecithin was dissolved in light 
petroleum (b.p. 40-60°) and carefully delivered onto the 
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Diagram of apparatus used for measuring enzymic 
hydrolysis of a radioactive film of lecithin. 
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cleaned surface of a 0-02M-sodium formate-formic acid 
buffer, pH 3-3 (surface cleaning by the method of Adam, 
1941). The film of lecithin was confined in a floating 
annulus of polythene sheet, the buffer (19 ml.) being con- 
tained in a cylindrical glass vessel 4-2 cm. wide and 1-5 cm. 
deep. The buffer could be stirred magnetically from the 
underside of the glass vessel and fluid could be added or 
withdrawn through a polythene tube connected through 
the side wall. A mica end-window f-counter was mounted 
coaxially and immediately above (0-25 cm.) the lecithin 
film. The window of the counter was protected from radio- 
active contamination by a thin polythene membrane. The 
apparatus was arranged in an incubator so that measure- 
ments could be made at 37°. The counter was connected to 
a recording ratemeter (Labgear Ltd., Cambridge) and a 
continuous record of the surface counting rate obtained, an 
integration time of 10 sec. being used. 


RESULTS 
When solutions of lecithin or lecithin plus dicetyl- 
phosphoric acid in light petroleum were added to 
the clean surface of the buffer, the lipids were seen 
to float in the form of ‘rafts’ or crystals, which 
are presumably separated from one another by a 
monolayer of lipid (Adam, 1941). 
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In the experiments to be described, sufficient 
[§*P]lecithin (approx. 0-02 ml. of 0-02M-solution) 


was added to give an initial counting rate of about ' 


4000 counts/min. In preliminary experiments it 
was observed that there was a slow but steady loss 
of counts from the surface due to the floating 
microcrystals moving towards the sides of the 
glass vessel. This was prevented by the use of a 
floating annulus of polythene sheet, which retained 
them under the window of the counter. 

Fig. 2(A) shows that after the addition of 
[8*P]lecithin to the surface there was no loss of 
counts for a period of 20 min. If at this point 3 ml. 
of buffer was withdrawn and replaced by 3 ml. of 
enzyme preparation (Dawson, 1958a), the counting 
rate remained constant for a period of at least 
40 min. The small deflexion in the tracing was due 
to lowering of the surface film as the buffer was 
withdrawn before addition of enzyme. 

Fig. 2 (B) shows the same experiment repeated 
except that the [®*P]lecithin was mixed with 
sufficient dicetylphosphoric acid to activate the 
system (Bangham & Dawson, 1959). Here again 
the counting rate remained stable until the enzyme 
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out at 37°. 


Counting rates from a [%*P]lecithin film before and after the addition of enzyme. All experiments were carried 
Enzyme was added as indicated by the vertical arrows after removal of an equal quantity of buffer. 


(A) Film of [%*P]lecithin on 0-02m-sodium formate-formic acid buffer, pH 3-3; (B) film of [%*P]lecithin plus 
dicetylphosphoric acid (100:24 molar mixture) on 0-02M-sodium formate-formic acid buffer, pH 3-3; (C) as for 
(B) except that the buffer was 0-02m-sodium acetate—acetic acid, pH 4-4. 
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was added and then over a period of 35 min. there 
was a continual loss amounting to 75% of the 
original surface radioactivity. 

Fig. 2(C) shows the effect of adding enzyme 
under a mixed film of [**P]lecithin plus dicetyl- 
phosphoric acid floating on 0-02M-sodium acetate— 
acetic acid buffer, pH 4-4. The ionic strength of the 
sodium in this buffer was the same as that of the 
formate buffer used in the Expts. 2 (A) and 2 (B). 
The loss of counts was very small, which agrees 
with previous observations that the enzymic 
hydrolysis is negligible at this pH (Dawson, 19585). 


DISCUSSION 


The primary object of these experiments was to 
determine whether the activation of the lecithinase 
produced by the anionic amphipathic molecules 
was intimately concerned with the _ reaction 
between enzyme and substrate at an interface. 

Earlier evidence had, in fact, suggested that the 
activation was not due to a more efficient emulsi- 
fication of the substrate resulting merely in an 
increase in the available surface area. Thus when 
lecithin emulsions were centrifuged for lhr. at 
77 000-155 000g it was observed that a small 
percentage (5-2, 5-6, 4-7%) remained in the water- 
clear supernatant. This non-sedimenting lecithin 
must consist of very small micelles representing a 
very large surface area, nevertheless there was no 
evidence of any enzymic activity; this result 
suggests that activity is not merely a function of 
available surface area. 

The present results obtained with surface films 
provide direct evidence that the enzyme specific- 
ally requires negative groups for its action at an 
interface. The regular loss of radioactivity observed 
on adding the enzyme under lecithin plus dicetyl- 
phosphoric acid films has been taken as meaning 
that direct enzymic hydrolysis of the film was 
occurring. This is substantiated by the observation 
that the loss of radioactivity is prevented by 
altering the pH to 4:4, a manoeuvre known to 
prevent the enzyme from hydrolysing lecithin 
(Dawson, 19586). The conclusion reached is that 
the enzyme is reacting with the film without prior 


emulsification of the substrate and that this 
requires negative groups at the  solid—liquid 
interface. 


At this stage it is not possible to see clearly 
why the negative groups on the substrate surface 
are essential for the enzymic attack. One possi- 
bility is that they orientate the enzyme with respect 
to the substrate by attracting positive groups on 
the enzyme molecule. The observation that a 
certain critical density of negative grouping is 
necessary before activity commences would suggest 
that such an attraction must occur at more than 


HYDROLYSIS OF LECITHIN FILMS 





one charged site. This attachment by electrostatic 
forces would ensure that the enzyme was in the 
immediate vicinity of its substrate and might 
eventually assist the enzyme molecule to penetrate 
into the film between the molecules of orientated 
lecithin. Penetration in this sense would be 
equivalent, on a molecular level, to the coalescence 
observed by Kates (1957) of lecithin micelles and 
plant plastids in the presence of ether. 

An alternative hypothesis is that the activator 
molecules, by electrostatic interaction with the 
charged choline groups of the lecithin, cause a 
reorientation of the substrate’s surface. This could 
either assist penetration of the enzyme into the 
lecithin film, or alternatively expose the acyl-ester 
bonds so that these became more accessible for 
enzymic hydrolysis at the interface. This hypo- 
thesis would not need to assume a specific attrac- 
tion between the enzyme and the surface of the 
substrate film. 

Presumably, with low activator concentrations 
little denaturation of the enzyme on the surface 
occurs, although this might happen as excess of 
negative groups is added to the surface and explain 
why the activity falls away with excess of activator 
(Dawson, 19586). A somewhat equivalent picture 
of the adsorption of an enzyme at a surface has 
been described by Fraser, Kaplan & Schulman 
(1955). These workers found that a lecithin surface 
had little attraction for catalase, but that it was 
possible to obtain adsorption of the enzyme with 
only partial denaturation on an oil surface possess- 
ing certain polar groups. 

It is hoped to gain further information about the 
actual mechanism of activation by the study of the 
action of the lecithinase on monomolecular films. 


SUMMARY 


1. [32P]Lecithin of high specific activity has been 
prepared biosynthetically with baker’s yeast. 

2. The [®?P]lecithin has been used as a surface 

film to study the action of a Penicillium notatum 
phospholipase preparation. Loss of counts from 
the surface film into the bulk aqueous phase was 
used as a measure of enzymic activity. 
3. The enzyme preparation was without action 
on a film of lecithin but readily lowered the 
counting rate from a surface film of lecithin plus 
dicetylphosphoric acid. 

4. The loss of counts from the surface film did 
not occur on altering the pH of the aqueous phase 
from 3-3 to 4:4, which is known to inhibit the 
enzyme system. 

5. It is concluded that the presence of a net 
surplus of negative groups is a direct requirement 
for the initiation of the enzymic attack on a 
lecithin surface. 





496 


The authors are indebted to Sir Alan Drury, F.R.S., and 
to Sir Rudolph Peters, F.R.S., for their interest and to 
Professor N. K. Adam, F.R.S., for his helpful advice. We 
also acknowledge the skilled assistance of Miss Norma 
Hemington and Mr Albert Bernard. 


REFERENCES 


Adam, N. K. (1941). The Physics and Chemistry of Surfaces, 
p. 23. Oxford University Press. 


R. M. C. DAWSON AND A. D. BANGHAM 


1959 


Bangham, A. D. & Dawson, R. M. C. (1959). Biochem. J. | 
72, 486. 
Dawson, R. M. C. (1954). Biochim. biophys. Acta, 14, 374. \ 
Dawson, R. M. C. (1958a). Biochem. J. 68, 352. 
Dawson, R. M. C. (1958b). Biochem. J.'70, 559. 
Fraser, M. J., Kaplan, J. G. & Schulman, J. H. 
Disc. Faraday Soc. 20, 44. 
Kates, M. (1957). Canad. J. Biochem. Physiol. 35, 127. 
Olson, B. H. & Johnson, M. J. (1949). J. Bact. 57, 235. 
Williams, R. B.& Dawson, R. M.C.(1952). Biochem. J.52, 314, | 


(1955) | 
JOO). 


Studies on the Metabolism of Hydroxypyruvate in Animal Tissues 
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(Received 22 December 1958) 


The preparation of pure hydroxypyruvate (Dickens 
& Williamson, 1958a) has made possible the use of 
this substance in metabolic experiments, e.g. with 
tissue slices, and in this paper we describe experi- 
ments on the utilization of hydroxypyruvate by 
the whole rat and by rat-liver slices. By the use 
of specifically labelled hydroxy[*4C]pyruvate an 
incorporation of radioactivity into the molecules of 
glycogen and glucose has been observed in both 
series of experiments. By stepwise degradation of 
the glucose molecule the pattern of radioactivity 
has been determined and evidence has thus been 
obtained about the probable overall character of 
the route of incorporation. A brief preliminary 
account of this work was given by Dickens (1958). 


EXPERIMENTAL 


Materials 


substances. These were obtained from The 

Centre, Amersham, Bucks, with the 
following approximate specific activities: generally labelled 
{G-4C]glucose, 10 mc/m-mole; [1-'C]glucose and [6-!4C]- 
2mc/m-mole; 1-[3-!4C]serine, 3 mc/m-mole; 
sodium [3-'C]pyruvate, [2-C]pyruvate and [1-'C]pyru- 
vate, 1 mc/m-mole. They were diluted for use as required 
(see tables) with non-isotopic material. 

Lithium hydroxypyruvate. This was prepared and crystal- 
lized as already described (Dickens & Williamson, 1958). 
The [1-14C]-, [2-4C]- and [3-14C]-hydroxypyruvate were 
also prepared in this way for use in most experiments, but 
in some, particularly where a high specific activity was 
needed, the corresponding bromo[!4C]pyruvate was used 
directly after conversion into a solution of hydroxypyru- 
vate by neutralization with 2 equivalents of alkali (Sprinson 
& Chargaff, 1946). Although this avoided the considerable 
loss of radioactive material accompanying crystallization, 


Radioactive 
Radiochemical 


glucose, 


such solutions contain traces of bromopyruvate as well as 
the NaBr formed on neutralization. They were found, 
however, to be suitable for injection into the whole animal, 


when the results were checked by the use of the purified 
material. 

In the preparation of bromo[!C]pyruvate by bromina- 
tion of sodium [!4C]pyruvate and added unlabelled pyruvic 
acid (Dickens & Williamson, 1958a), very thorough mixing 
of these substances is essential before bromination, other- 
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Fig. 1. Column separation of pyruvate and _ hydroxy- 
pyruvate. An acidified aqueous solution containing non- } 
isotopic pyruvate and hydroxy[3-™C}- 
pyruvate (90umoles) was adsorbed on Celite and the 
column was eluted successively with chloroform and 
then with chloroform containing the stated percentage 
(v/v) of butan-1l-ol. Titration of 8 ml. fractions is shown 
by the curve; the dotted line indicates level of H,S0O, 
in eluates and the solid curve total acidity (keto acid 
plus H,SO,). Peak I, pyruvate (39-5umoles, 79% 
recovery). Peak II, hydroxypyruvate (70 wmoles, 78%; 
after vacuum-concentration and removal of indicator, 

For details see text. 
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bromination, resulting in the possible appearance of highly 
active pyruvate in the fina] preparation. Although this 
impurity can be removed by column chromatography (see 
below) it was subsequently found preferable to dissolve the 
sodium [!C]pyruvate in a little water and to mix it with 
pyruvic acid and dry thoroughly in vacuo before bromina- 
tion. With this procedure contamination of the hydroxy- 
pyruvate with [14C]pyruvate was negligible. 

Chromatographic separation of pyruvate and hydroxy- 
pyruvate. These two substances proved difficult to separate 
but the following method (based on that of Swim & Utter, 
1957) gave clearly defined fractions and reasonable re- 
covery of materials. 

Celite 535 (Johns Manville Co. Ltd., London, S.E. 11) 
was washed in the dry state on a large column (100 g.) with 
ether (1 1.) and air-dried. Quantities (10 g.) of Celite, inti- 
mately mixed with 5 ml. of 0-2n-H,SO,, were made into 
a slurry by addition of CHCl, (which had previously been 
shaken with 0-2N-H,SO,) and packed closely into a chro- 
matographic column, 2 cm. diam. x 15 em. The mixture for 
separation was brought to pH 2 with H,SO,, mixed with 
twice its volume of the washed Celite 535 and added to the 
top of the column. The column was eluted successively with 
CHCl, and with increasing concentrations of butan-1-ol in 
CHCl, (Fig. 1): all solvents were equilibrated with 0-2N- 
H,SO,. In all 60-70 fractions (8 ml. each) of eluate were 
collected mechanically. 

The fractions were immediately titrated in a stream of 
N, to phenol red with 0-01N-NaOH, after the addition to 
each of 5 ml. of CO,-free water. For isolation purposes the 
aqueous layers from the appropriate fractions were com- 
bined, adjusted to pH 4 and concentrated to 5-10 ml. in 
vacuo (bath temp. below 40°), after removal of phenol red 
by shaking with 50 mg. of Norit and filtering on a micro- 
filter. 

Fig. 1 shows a typical separation of hydroxy[3-"C]- 
pyruvate (90 zmoles) from unlabelled pyruvate (50 zmoles) 
by this method. Although butanol-CHCl, (60:40, v/v) 
elutes some H,SO, together with the hydroxypyruvate, the 
presence of a little sulphate, formed after neutralization, is 
not objectionable for many biological purposes. 


Analytical 


Hydroxypyruvate. This was determined either colori- 
metrically or enzymically (Dickens & Williamson, 1958): 
the diphosphopyridine nucleotide (DPN)-linked reductase 
from parsley, used in the method, reacts only with hydroxy- 
pyruvate and glyoxylate. . , 

Pyruvate. This (plus hydroxypyruvate if present) was 
determined by crystalline muscle lactic dehydrogenase (cf. 
Holzer & Holldorf, 1957). 

Formaldehyde. This was liberated from C-3 of serine, 
hydroxypyruvate or glycerate (and also from C-6 of glucose 
if present) by HIO, oxidation and was estimated with 
chromotropic acid (Elwyn et al. 1957): the separate deter- 
mination requires preliminary fractionation as described 
below. For determination of “C liberated as formaldehyde 
in this reaction, the weighed carrier (serine or recrystallized 
lithium hydroxypyruvate) was added where required and 
the formaldehyde was distilled, precipitated as the dimedon 
derivative and transferred to a planchet for counts of 
radioactivity. 

Glucose. This was estimated by the method of Nelson 
(1944). Glycogen (10-100 mg.) was weighed and hydrolysed 
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to glucose by 2N-H,SO, (2 ml.) at 100° for 2 hr., neutralized 
to pH 7 with cold saturated Ba(OH), and the solution 
centrifuged to remove BaSOQ,. 

Total carbon of radioactive compounds. These were con- 
verted into CO, by persulphate oxidation in the presence of 
AgNO, and counted as BaCO, (Katz, Abraham & Baker, 
1954). 

Carboxyl carbon, of pyruvate and hydroxypyruvate. This 
was liberated by oxidation with ceric sulphate (cf. Krebs & 
Johnson, 1937); the CO, was collected in NaOH as de- 
scribed above and converted into BaCO,. A similar method 
applied to [2-“C]pyruvic acid 2:4-dinitrophenylhydrazone 
was found by Wriston, Lack & Shemin (1955) to give only 
slight contamination from C-2. 

Determinations of radioactivity. These were made at 
infinite thickness, with 1 cm.* compressed disks of material 
on polythene planchets, by means of a thin mica (2-3 mg./ 
cm.) end-window Geiger—Miiller tube and automatic scaler 
(Ekco Electronics Ltd.). With this arrangement a 1 cm.? 
methacrylate standard (10-* ,.c/mg.) gave 760 counts/min. 
Full details of counting and precautions to ensure sufficient 
accuracy were similar to those reported by Campbell & 
Greengard (1958). In a few instances, either where low 
counts were concerned or as a general control on the 
accuracy of counting, Mr J. K. Whitehead, of the B.E.C.C. 
Radiochemical Laboratory, Middlesex Hospital Medical 
School, very kindly carried out “CO, determinations by 
gas-counting for us. Satisfactory agreement was obtained. 


General technique for stepwise degradation of 
glucose and collection of “CO, 


We are much indebted to Dr Helen Porter. F.R.S., and 
to Dr J. Edelman for details of the method, which is 
essentially that used in their Laboratory, and also for an 
initial culture of Leuconostoc mesenteroides. All degradative 
stages were carried out in special conical absorption flasks 
(50 ml. capacity) with ground-off (rimless) necks, having a 
fused-in central absorption well (about 6 ml.) and closed by 
rubber seals (Simplex no. 8; Britton Malcolm and Co., 
38 Southwark Bridge Road, London, 8.E. 1). By puncture 
of the stoppers with a hypodermic needle connected to a 
filter pump the flasks were evacuated after addition of the 
main contents. Further additions, as required, including 
the suspension of organisms, were made by hypodermic 
syringe. A general account of this technique is given by 
Abraham & Hassid (1957, p. 550 et seg.). CO, was absorbed, 
where required, in 2 ml. of CO,-free N-NaOH in the centre 
well, which was afterwards transferred with 10 ml. of 
CO,-free water to a stoppered tube. M-BaCl, solution 
(1 ml.) was added with a drop of phenolphthalein, the 
solution was neutralized by titration with 0-2N-HCl and 
the BaCO, was collected by centrifuging and washed with 
aqueous ethanol (20:80, v/v), absolute ethanol and ether, 
and dried in vacuo. 

Leuconostoc mesenteroides fermentation. 
degraded by fermentation to completion at pH 6-2 with 
L. mesenteroides, strain 39, as described originally by 
Gunsalus & Gibbs (1952). Various details of technique are 
given by Edelman, Ginsberg & Hassid (1955), Abraham & 
Hassid (1957) and Bernstein & Wood (1957), and only 
special points are described in detail below. In this fermen- 
tation, C-1 of glucose is directly liberated as CO,, C-2 and 
C-3 form the methyl and carbinol groups of ethanol and 
C-4, C-5 and C-6 of glucose form the C-1, C-2 and C-3 
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atoms of lactic acid. The ethanol is distilled from the 
fermentation mixture after collection of the CO,, oxidized 
to acetate and degraded by NaN, in H,SO,. The lactic acid 
produced in the fermentation remains in the residue from 
which the ethanol has been distilled, and this is concen- 
trated to about 0-5 ml., mixed with 20g. of anhydrous 
powdered KHSO,, made into a column and eluted by 
50 ml. of ether (Edelman ef al. 1955). After the addition of 
a few drops of water and complete removal in vacuo of the 
ether, the aqueous residue is titrated with n-NaOH, 
aqueous phenol red being used as indicator. This solution is 
oxidized in the special absorption flasks by heating at 80° 
for 0-5 hr. with 2 ml. of 10% (w/v) KMnO, and 2 ml. of 
4n-H,SO,, the CO, (C-4 of glucose) being collected in 1 ml. 
of n-NaOH in the centre well and, by the usual method, 
converted into BaCO, and counted. The acetate remaining 
is degraded by NaN, in the usual way. 

When this method was tested with glucose of known 
specific labelling, it gave nearly quantitative recoveries of 
14C if larger quantities of [**C]glucose (about 100 mg.) were 
used; with the smaller amounts which were available in 
some experiments were somewhat lower, 
especially in C-3 and C-6 of glucose, no doubt owing to 
slight contamination with non-radioactive CO, during 
manipulation (cf. Edelman et al. 1955). For control pur- 
poses [G-!4C]glucose and [1-!4C]- and [6-44C]-glucose were 
used: the former showed good uniformity and the latter 
had negligible activity except in C-1 and C-6. In all 
degradations a control with [G-1C]glucose was run simul- 
taneously and, where necessary, corrections were applied 
based on the recovery of each carbon atom in these con- 
trols. These corrections were never large enough to affect 
materially the general interpretation of the results (cf., for 
example, the two uncorrected results in Table 3). 

Yeast fermentations. This method has been used by 
Barnet & Wick (1950) but without detailed description. It 
was applied here only in experiments with liver slices, 
where the total radioactivity of the glucose was insufficient 
for accurate determination by the above-mentioned 
complete degradation. The glucose solutions were fer- 
mented to completion in the above-mentioned absorption 
flasks at 37° in N, by washed baker’s yeast (The Distillers 
Co. Ltd.), the activity of which was checked manometric- 
ally by parallel fermentations in the Warburg apparatus. 
The CO, liberated, by fermentation with 150-200 mg. 
fresh wt. of yeast in 10 ml. of 0-2M-KH,PO,, was collected 
in NaOH as usual and converted into BaCO, for counting 
(sum of C-3 and C-4 of glucose). The ethanol remaining in 
the flasks was distilled quantitatively as described above, 
oxidized to acetic acid, which was distilled, and degraded 
by the Schmidt reaction, giving CO, (sum of C-2 and C-5) 
and methylamine. The latter was oxidized by hot alkaline 
KMn0O, to CO,, which was collected in NaOH, converted 
into BaCO, and the radioactivity counted (sum of C-1 and 
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C-6 of glucose). When applied to [G-!*C]glucose the method ' 


gave nearly quantitative (93-97%) recoveries of C-3 and ! 
C-4 and less good recoveries of the other carbon atoms, but 
sufficiently so for the minor part played by these carbon 
atoms in this part of the work. With [6-™C]glucose, con. | 
tamination of the other carbon atoms was also negligible 
(Table 1). A similar result for fermentation of [6-"C]- and 
[1-“C]-glucose by Saccharomyces cerevisiae is reported by 
Blumenthal, Lewis & Weinhouse (1954). 

Check on radioactive labelling of compounds used. The 
labelling of p-[G-™C]glucose was checked by degradation 
by both methods. Radioactivity of L-[3-!C]serine and 
hydroxy[3-“C]pyruvate was measured by the activity of 
formaldehyde liberated (from C-3) by HIO,. Hydroxy. 
[1-*C]pyruvate was decarboxylated by Ce,(SO,), and the 
4CO, counted as BaCO,. 


Procedure with intact rats 
Albino rats of Wistar strain bred in the Institute, of body 
wt. approx. 200-250 g., were kept in metabolism cages, 
with separate collection of urine. After withdrawal of | 


; 


food, usually for 18 hr., they were injected subcutaneously ; 


with labelled materials as stated below and at once pro- 
vided with food ad lib. (rat cubes; North Eastern Agri- 
culture Co-operative Society, Aberdeen). In some experi- 
ments a second injection was given 3 hr. after the first, and 
in either case the animals were killed 3 hr. after the last 


injection. 


The livers were excised immediately after death and used 
for the isolation of glycogen, and in some experiments for 
other fractions also, as described by Bernstein (1953). In 
this method glycogen is precipitated by alcohol from the 
trichloroacetic acid extract, weighed and purified by re- 
precipitation. The fractionation of the washed trichloro- 
acetic acid-insoluble material was carried out only as far 
as the separation of lipid, protein and mixed sodium 
nucleate fractions. Counts of radioactivity were made, and, 
with glycogen, hydrolysis to glucose and stepwise degrada- 
tion to BaCO, also, as already described. 


Procedure with liver slices 


Freshly excised liver from Wistar rats was cut into 
slices in the apparatus of Stadie & Riggs (1944). Batches of 
1 g. wet wt. of slices were incubated at 37° with shaking in 
the conical absorption flasks provided with rubber seals 
and centre wells described above. The gas space was filled 
with O, + CO, (95:5) and the suspension medium was 10 ml. 
of Krebs-Ringer bicarbonate solution, pH 7-4 (Umbreit, 
Burris & Stauffer, 1949) ; other general conditions, including 
the incubation time (90 min.), were similar to those adopted 
by Elwyn et al. (1957). 

After incubation with the substrates as stated below, the 
decanted medium plus the water washings of the slices 


Table 1. Degradation of [*C]glucose by yeast fermentation 


For details see text: 32 mg. of glucose was taken. Results for [G-C]glucose are means of eight experiments +8.D. 








Total Percentage of total radioactivity in carbon atoms Total 
activity (ose Rae en recovery 
Substance (0) C-3 + C-4 C-2+C-5 C-14+C-6 % 
p-[G-4C]Glucose 0-0805 31-7+0-7 23-5+3°5 81-4 
p-[6-14C]Glucose 0-0920 0-4 76-0 76-6 
0-0905 0-7 79-0 79-9 
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were made to measured volume (20 ml.). If the washed 
slices were to be analysed (Elwyn et al. 1957) they were 
homogenized in water and the proteins, together with 
lipids and nucleic acids, precipitated by making to 2% 
trichloroacetic acid, centrifuging, washing and drying. 
A measured fraction of the incubation medium plus 
washings was used for determination of total CO, liberated 
on acidification with trichloroacetic acid (2% final conen.) 
in absorption flasks, by collection in NaOH followed by 
conversion into BaCO, for weighing and counting. A small 
correction was applied, based on the amount of total 
(free + bound) CO, present in the flasks, as determined in 
parallel experiments (cf. section b below). 

The main part of the medium plus washings was also 
deproteinized by addition of trichloroacetic acid to 2% 
final concentration. Measured portions of the supernatant 
were used for estimations of glucose, hydroxypyruvate, 
pyruvate and groups which formed formaldehyde on 
periodate oxidation as already described. The remainder 
was fractionated as follows. 

(a) Hydroxy[3-“C) pyruvate or L-[3-4C]serine as substrates. 
Amino acids (together with other basic materials) were 
adsorbed by passing the solution (about 20 ml.) through a 
column (lcm. diam. x6cm.) of Amberlite IR 120 (H* 
form: British Drug Houses Ltd.), and washing through 
with 10 ml. of water (eluate A). The column was then 
eluted with aq. 2N-NH, soln. (20 ml.), the NH, distilled off 
in vacuo and the residue taken to dryness, then dissolved in 
water for determination of radioactive formaldehyde 
liberated by treatment with HIO,. This value is referred to 
as ‘serine’, since good recoveries of added serine were ob- 
tained and this is probably the main formaldehydogenic 
substance likely to be present in this fraction, the acidic 
and neutral substances passing into eluate A. The latter 
was freed from ionized material by shaking with 4 g. of 
Bio-Deminrolit G (The Permutit Co. Ltd.; see Dickens & 
Williamson, 1956a) and its glucose content measured by 
the Nelson method; after concentration to 10 ml. and the 
addition of a weighed amount of glucose (30-50 mg.) the 
phenylosazone was prepared, weighed and its radioactivity 
measured before and after recrystallization. 

(b) Hydroxy{1-“C)pyruvate and NaHCO, as substrates. 
When hydroxy[1-'C]pyruvate was incubated with slices 
the general procedure was similar to that described above, 
but, after incubation for 90 min., 2 ml. of NaOH was 
injected into the centre well of the vessels, followed by the 
injection of 2 ml. of 20% (w/v) trichloroacetic acid into the 
main part of the flasks. The total CO, thus liberated was 
absorbed in the NaOH and converted into BaCO, in the 
usual way. The protein precipitate was centrifuged off, 
and the total supernatant fluid was deionized directly 
with Bio-Deminrolit G. After estimation of glucose in 
the resulting solution, carrier glucose was added and 
glucosazone prepared as before. 


RESULTS 


Metabolism of hydroxypyruvate in the intact rat 


The data based on nine rats which received sub- 
cutaneous injections of hydroxy[!C]pyruvate are 
summarized in Table 2, together with one example 
from a rat given a control injection with [1-“C]- 
glucose. As a regular procedure an approximately 
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10-5 
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14-9 
68 
65 
111 
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(umc) 
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190 
39 


Liver glycogen 


3 
134 


Wt. 
(mg.) 
188 
223 
40 
21% 
188 
265 
98 
150 


after 
last 
dose 
(hr.) 
6 


Period 


17 
18 
20 
24 
24 


Period of 
(hr.) 


fasting 


0-21 
0-21 
0-53* 
0-32 
20 
6-20 
6-00 
6-00 
6-00 
1-00 


(uc) 


6: 


SS ee 


Total dose 


200 
200 
500* 
300 

‘00 
200 
9 


200 
9 
00 
200 
550 


(zmoles) 
* As five injections at 1 hr. intervals. 


yruvate 


yruvate 


yruvate 


yruvate 


Metabolism of hydroxy[**C]pyruvate in the intact rat 


C]pyruvate 


2. 
3-14C jpyruvate 
3-14C}p 
3-4C]p 
3-4C]pyruvate 
-4C]p 
-4C]p 


[3-4C]pyruvate 
2.14 


9.14 
914 


[ 
Lithium hydroxy[ 


Lithium hydroxy 


lable 


r 


Material injected 
[1-24C]Glucose 


Lithium hydroxy[3-“C]pyruvate 


Sodium hydroxy 
Sodium hydroxy 
Sodium hydroxy 
Sodium hydroxy 


Lithium hydroxy 
Sodium hydroxy 


140 
286 
209 
220 
310 
290 

5 


Wt. 
(g-) 
(Adult) 
250 


Rat 


No. 
Ill 
IV 
VI 
VII 
VIII 
jo 


II 


500 


18 hr. fast was followed by giving food and in- 
jection, and killing the rats 3 hr. later; this was 
adopted in the later experiments on the basis of 
comparison of the percentage incorporation of MC 
in rats I-IV, Table 2. With this procedure, on the 
whole, fairly consistent incorporation was observed 
in liver glycogen, amounting to 3-5 % of the dose; 
lower figures for rats III and VIII may have been 
due to little or no food being taken, as suggested by 
the low total glycogen in the livers of these animals. 
The fate of the greater part of the C dose has not 
but 
showed that the urinary excretion accounted for 
a variable but often high proportion of the dose. In 


yet been studied, preliminary experiments 


view of this loss of material the percentage in- 
corporation into liver glycogen is quite high, as 
compared with that of [*#C]glucose given under 
closely similar conditions (rat X). 

In a few experiments, measurement of total 
radioactivity of liver protein, nucleic acids and 
lipids was also made. Liver nucleic acids from rats 
I, It and V had less than 0-06 % of the dose, de- 
fatted protein in rats V and VI 1-75 and 1-25 % and 
total lipids showed rather low incorporation and 
were not accurately measured. No check on the 
optimum period for these incorporations was made. 

The total liver glycogen from each of nine 
injected rats was hydrolysed to glucose, which was 
degraded by L. mesenteroides as described in the 
Methods section. The results (Table 3) were in 
satisfactory general agreement whether recrystal- 
lized lithium hydroxypyruvate or the solution of 
sodium salt (uncrystallized) was used, though they 
are likely to be more reliable with the latter owing 
to the higher specific activities available in this 
form. With hydroxy [3-!4C]pyruvate, incorporation 
was almost symmetrical and was mainly in C-1 and 
C-6 (average 35 % of total radioactivity of glucose 
in each carbon atom), secondarily in C-2 and C-5 
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(average 11% each) and with very little activity 
(4%) in C-3 or C-4. 

With hydroxy[2-“C]pyruvate a closely similar 
type of distribution occurred, labelling being mainly 
in C-2 and C-5, in which the average was 31 and 
23 % respectively, but the latter figure may be too 
low owing to an aberrant and possibly erroneous 
low recovery in C-5 of rat VIII. C-1 and C-2 
averaged 13 and 10%, with again only small 
amounts (4-5%) in C-3 and C-4. The control 
experiment (rat X) with [1-14C]glucose showed a 
distribution of radioactivity almost identical with 
that described after a 1 hr. period in an otherwise 
generally similar experiment by Hers (1955); 
Hers’s animals received an intracardiac injection of 
labelled glucose instead of a subcutaneous one, as in 
our experiments, and the latter may have resulted 
in prolongation of the absorption period with less 
randomization in the 3 hr. period adopted by us 
than in the 3hr. experiments which Hers also 


reports. Hers accompanied the [14C]glucose in- 
jection with 0-75 g. of unlabelled glucose by 


stomach tube and this may also partly account for 
the higher percentage incorporation (12-2% of 
injected C) into liver glycogen observed in his 
rats. 


Metabolism of hydroxypyruvate in rat-liver slices 

Hydroxy[3-4C]pyruvate. Table 4 shows the 
result of comparative experiments in which liver 
slices were incubated aerobically with either 
hydroxy[3-“C]pyruvate or L-[3-l4C]serine; also 
included are the results of Elwyn et al. (1957) on the 
utilization of D- and t-[3-!4C]serine by rat-liver 
slices. The table shows that hydroxy[3-"C}- 
pyruvate contributes about as much to CO, 
(about 5-5 %) as does similarly labelled L-serine in 
our experiments, though both figures are lower 
than that given by Elwyn et al. for L-serine (14-4 %). 


Degradation of glucose from hydrolysis of liver glycogen 


Samples (Table 2) were degraded by Leuconostoc mesenteroides (see text). 


Rat no. Material injected 
Lithium hydroxy[3-“C]pyruvate 


IV Lithium hydroxy[3-“C]pyruvate 


7 Sodium hydroxy[3-™“C]pyruvate 
VI* Sodium hydroxy[3-"C]pyruvate 
Mean III-VI Hydroxy[3-“C]pyruvate 
Vil Sodium hydroxy[2-™“C]pyruvate 
Vill Sodium hydroxy[2-™“C]pyruvate 
IX Sodium hydroxy[2-"“C]pyruvate 
Mean VII-IX Hydroxy[2-“C]pyruvate 
x [1-14C]Glucose 


Percentage of total counts in glucose carbon atoms 





c - eo <= ‘ 
C-1 C-2 C-3 C-4 C-5 C-6 
30 15 6 2 14 33 
35 5 4 4 15 40 
33 10 3-5 5 9 28 
36 9 2-5 1 10 28 
35 10 4 4 12 35 
13 37 4 4 27 13 
12 28 5 6 12 5 
15 30 5 7 3 12 
13 32 5 6 23 10 
93 3 2 1 1 1 


* Percentage recoveries in these two experiments are the uncorrected values, owing to accidental loss of the [G-4C]- 
glucose control. 
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On the other hand, our results, based on the radio- 
active counts in recrystallized glucosazone, show 
that hydroxypyruvate is very much more readily 
incorporated into glucose of the medium (15-7 %) 
than is L-serine (1-6 %). The latter figure agrees well 
with those (1-2%) found for both L- and p-serine 
by Elwyn et al. 

In considering the total formaldehyde liberation 
on periodate oxidation in Table 4, account has to 
be taken of this large difference in the radioactivity 
of the glucose, since each mole of glucose gives 
1 mole of formaldehyde (from C-6) with HIO, (ef. 
Jackson, 1944). The total formaldehydogeniec sub- 
stance found after incubation also includes any 
unchanged starting material, and whereas with 
L-serine this is stated to be the only or main 
formaldehydogenic substance present (Elwyn et al. 
1957; but cf. Table 4), with hydroxypyruvate as 
substrate direct enzymic estimation showed that 
very little of it (about 5%) remains unchanged at 
the end of the experiment. These points are further 
brought out in Table 4 by comparison of the values 
for formaldehydogenic substance before and after 
resin-adsorption of ions and elution of amino acids 
(see Methods section). The results indicate that 
whereas more than 70 % of the formaldehydogenic 
substance in the serine experiment is probably 
unchanged serine, most of the hydroxypyruvate 
has been converted into substances which no 
longer yield formaldehyde with HIO,, especially 
when the formaldehyde due to the 15-7% con- 
version into glucose has been subtracted. Conse- 
quently, the eluted (amino acid) fraction has only 
37 % of the initial H'*CHO-yielding material, and 
this is to be taken as an upper limit of the average 
formation of serine from hydroxypyruvate in these 
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experiments. It would be interesting to carry out 
a similar separation for the high total formalde- 
hydogenic substance (89%) which Elwyn et al. 
found after incubation with p-[3-'C]serine, but 
this isomer was not available to us. However, 
from the very small amount of p-serine utilized 
(11%) Elwyn et al. found as much glucose formed 
as from the much larger amount (37 %) of L-serine 
taken up by the slices. This they attribute as 
possibly due to oxidative 
deamination of D-serine to give hydroxypyruvate 


transamination or 


as the first product. Such a conclusion would agree 
with our finding that the latter is a very effective 
glucose-forming substance in liver slices. 
Hydroxy{1-“4C)|pyruvate and NaH*4CO,. Table 5 
shows the results of similar experiments in which 
rat-liver slices were incubated aerobically with 
carboxyl-labelled hydroxypyruvate. In two experi- 
ments, as a control NaH'4CO, was used instead of 
hydroxypyruvate, with total radioactivity five 
times as great, as an attempt to provide a check on 
the extent of uptake of #CO, which might have 
occurred through a primary decarboxylation of the 
hydroxypyruvate and subsequent CO, fixation into 
glucose. The CO, fixation into glycogen is known to 
be low in a high-sodium medium such as that used 
here (cf. Hiatt, Goldstein, Lareau & Horecker, 
1958). The incorporation of #CO, into glucose of 
the medium is also low, of the order of 0-1 % of the 
total amount present (Table 5) with our conditions. 
On the other hand, hydroxy[1-“C]pyruvate is 
readily incorporated into the glucose molecule 
(average in recrystallized glucosazone equivalent to 
12% of that added), as is shown in Table 5. 
During the same (90 min.) period, 29% of the 
carboxy] appears as CO,, but this would correspond 





Table 4. Comparison of the metabolism of hydroxy[3-4C]pyruvate and t-[3-'4C]serine by rat-liver slices 


Liver slices (1 g.) from a fed rat were incubated for 90 min. in O,+CO, (95:5) at 37° in 10 ml. of Krebs-Ringer bi- 
carbonate medium containing 10 wzmoles of either hydroxy[3-"C]pyruvate (0-05 wo) or L-serine (1-0 uc). Figures represent 


percentages of total counts added occurring in the named fractions of the medium, 


+s.p. For details of fractionation see 


text. Results of Elwyn et al. (1957) are included for comparison and are + the average deviation. The numbers of experi- 


ments are shown in parentheses. 


Substrate added 


= ——— 
Hydroxy- 
[3-14C]pyruvate L-[3-14C]Serine 
Authors Analysis (#4C) (%) (%) 
This paper Total formaldehydogenic substance* 24 +3:°8 (8) 54 +16-9 (5) 
Total CO, 5-6 +02 (8) 55+ 3-8 (5) 
Glucose (as glucosazone) 15-7 +2-1 (8) 16+ 1-0 (5) 
Formaldehydogenic substancet 3°7 +1-2 (8) 39 +17-5 (5) 


(basic fraction) 


Elwyn et al. (1957) 
Total CO, 
Glucose 


Total formaldehydogenic substance* 89 


p-[3-14C]Serine L-[3-14C]Serine 
+ 6-5 (4) 63 + 5-3 (6) 
0:4-+0-1 (8) 14-4-+ 5-4 (10) 
1-2-+.0-4 (8) 1-2+ 0-6 (10) 


* This fraction represents the total HCHO liberated from the medium after incubation, on treatment with HIO,. 
+ This fraction represents the HCHO liberated by HIO, from the basic fraction of the medium after column separation 


as detailed in text (mainly serine). 
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with only about 0-1 uo liberated, compared with 
2-5 uc added as NaHCO, in the above-mentioned 
control experiments. 

For two rats in this series, duplicate batches of 
liver slices were incubated with hydroxypyruvate ; 
the deproteinized, deionized medium was then 
evaporated and the glucose contained in the residue 
was degraded by fermentation with baker’s yeast 
(see Methods section). The results (Table 5) show 
that nearly all (93-5%) of the “C of “CO,H from 
hydroxypyruvate appears in C-3 and C-4 of the 
glucose molecule, whereas C-2 and C-5 have 4%, 
and C-1 and C-6 2%, only. 

In this series of experiments identification of 
glucose was confirmed by paper chromatography, 
when the total radioactivity was contained in the 
single spot corresponding to a glucose marker. 
Although the yield of total C by persulphate 
oxidation of the neutral fraction obtained from the 
of some 


medium shows the 


carbon compounds other than glucose, they were 


deionized presence 
either non-fermentable by yeast or non-radioactive, 
or both, and therefore did not interfere with the 
degradation mentioned above. 


DISCUSSION 


Hydroxypyruvate has frequently been suggested 
(cf. Friedmann, Levin & Weinhouse, 1956) as a 
possible intermediate in the glycogentic meta- 
bolism but hitherto very few direct 
studies on hydroxypyruvate metabolism have been 
made. The natural occurrence of small amounts of 
hydroxypyruvate in animal including 
tumours, has been detected chromatographically 
(Linko & Virtanen, 1957) and enzymically (Holzer 
& Holldorf, 1957). It is also reported as a con- 
stituent of green plants (Virtanen & Alfthan, 1955), 
although in green algae Milhaud, Benson & Calvin 
(1956) could find no evidence of the incorporation 
of hydroxy[2-“C]pyruvate into carbohydrate but 


of serine, 


tissues, 
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only of its oxidative transformation, possibly after 
transketolase action, into [1-C]glycollic acid. In 
higher plants evidence has been provided by 
Hanford & Davies (1958) that serine may be formed 
via phosphoserine from 3-[*?P]phospho-p-glycerate 
by a pathway resembling that described for rat 
liver by Ichihara & (1957a). The 
following metabolic route from D-glyceric acid 
[which is phosphorylated by adenosine triphosphate 
and a kinase shown by Ichihara & Greenberg 
(19576) to be present in liver extracts] or D-3- 
phosphoglyceric acid is postulated by these authors: 
acid — 3- 


Greenberg 


acid > p-3-phosphoglyceric 
> L-3-phosphoserine 


D-glyceric 
phosphohydroxypyruvie acid 
— L-serine. 

Free hydroxypyruvate has also been shown by 
Sallach (1956) to be converted into L-serine by a 
different transamination in which L- 
alanine is the amino-group* donor, glutamate 
being almost inert; this transaminase, which also 
occurs in liver, may or may not be the same as that 


reaction 


concerned in Ichihara & Greenberg’s (1957a) 
experiments. Slight activation by pyridoxal 


phosphate was observed by Sallach, who also 
demonstrated the reversibility of the reaction: 


Hydroxypyruvate + L-alanine 
=L-serine + pyruvate. 


Other pathways of hydroxypyruvate metabolism 
in animal tissues may include transketolase action 
in the presence of thiamine pyrophosphate as 
coenzyme. Among the appropriate acceptor alde- 
hydes, the presence of which is necessary for this 
well-known reaction to proceed, we must now 
include formaldehyde (Dickens & Williamson, 
1958c), which yields dihydroxyacetone, with 
corresponding decarboxylation of the hydroxy- 
pyruvate. Crystalline muscle t-lactic dehydro- 
genase and reduced diphosphopyridine nucleotide 
yield t-glyceric acid readily from hydroxypyruvate 
(Meister, 1952; Stafford, Magaldi & Vennesland, 


Comparison of metabolism of hydroxy[1-"4C]pyruvate and NaHCO, by rat-liver slices 


Liver slices (1 g.) from a fed rat were incubated for 90 min. in O,+CO, (95:5) at 37° in 10 ml. of Krebs-Ringer bi- 
carbonate medium; 10pymoles of hydroxy[1-“C]pyruvate (0-4uc) or NaH™CO, (2-5c) was added as shown. Figures 
represent percentages of total counts added occurring in the total (bound + free) CO, and glucose of the medium after 


incubation (-+:s.D.). 
Substrate added _... 


Fraction 
Total CO, 
Glucose (as glucosazone) 
Distribution of radioactivity* in 
glucose carbon atoms 


(- + C-4 
(two experiments) +C-2+C-5 
(C-1+C-6 


Hydroxy- 
[1-14C]pyruvate NaHCO, 
(%; mean of (%; two 
five experiments) experiments) 


29+3°5 ! 


1241-2 0-09, 0-075 


tom © 
re 
tom © 


a 


* Total activity in glucose taken was about 0-03-0-05 uc. Degradation was by yeast fermentation. 
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1954). 
p-glyceric acid (Stafford et al. 
reactions the equilibrium 


In green plants a similar enzyme yields 
1954): both 


strongly re- 


in 
favours 
duction. In 


yeast extracts, crude carboxylase 


containing transketolase yield L- 
erythrulose (Dickens & Williamson, 19566) but 
purified yeast carboxylase gives only glycolalde- 
hyde (Dickens, 1958). 

It that 
metabolic pathways is possible for hydroxypyruvic 


preparations 


is evident therefore a wide range 
acid (ef. Fig. 3). As a first approach to deciding 
which routes are in fact followed in animal tissues, 
we have studied the metabolism of specifically 
labelled hydroxy[“C]pyruvate in the intact rat 
and in liver slices, and particularly the incorpora- 
tion of 4C into carbon atoms of glucose. 
Metabolism of hydroxy[@C]pyruvate in the whole 
rat. 4C of labelled hydroxypyruvate, administered 
subeutaneously, is incorporated into liver glycogen 
to about the same extent as “C of glucose in our 
experiments (Table 2). Such a comparison, of 
course, takes no account of dilution, extra hepatic 
utilization or of excretion. Table 3 gives the results 
of degradation of the glycogen obtained in these 
experiments, and in Table 6 these mean values for 
distribution of 4C in carbon atoms of glucose from 
liver glycogen are compared with those of other 
authors on some related glycogenic compounds in 
the rat. In our experiments, with both hydroxy- 
[3-4C]- and hydroxy[2-“C]-pyruvate the type of 
pattern of radioactivity of glucose was essentially 
similar: main labelling was in C-1 C-6 of 
glucose when the [3-!4C]ecompound was given and 
in C-2 and C-5 of glucose after giving the hydroxy- 
[2-4C]pyruvate. 


and 


in both cases, some randomiza- 


of 
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tion occurred to the adjacent end carbons (C-2 and 
C-5 with 3-4C and C-1 and C-6 with 2-“C). In 
neither case did C-3 C-4 of glucose become 
significantly labelled, indicating little fixation of 
M4CO, which might have arisen from complete 
oxidation (or from transfer of 3-"4C of hydroxy- 
pyruvate to form a metabolite which itself became 
oxidized): it is well known that CO, is fixed in 
positions 3 and 4 almost exclusively (Wood, 
Lifson & Lorber, 1945; Topper & Hastings, 1949). 
The minor part played by carbon dioxide fixation is 


or 


supported by our experiments with liver slices, 
discussed below, in which the carboxyl carbon of 
hydroxy[1-“4C]pyruvate is shown to enter almost 
exclusively into C-3 and C-4 of glucose, and with 
only slightly lower percentage incorporation than 
that found for hydroxy 





3-MC]pyruvate. 

The overall pattern therefore strongly suggests 
the entry of C-1, ©-2 and C-3 of hydroxypyruvate 
mainly intact (or at 
identically reconstituted) carbon chain into glucose 


as an least isotopically 


in the following nearly symmetrical manner: 


Hydroxypyruvate C atoms no. 2 3 


1 
Glucose C atoms no. ] 45 6 


This is, of course, the well-known distribution of 
the main labelling of glucose carbon atoms resulting 
from administration of C, intermediates, such as 
lactate and pyruvate (cf. Table 6). Further in- 
spection of Table 6 shows, however, that there is 
much more randomization to adjacent carbon 
atoms (C-1 = C-2 and C-5 = C-6) with lactate and 
pyruvate than that observed by us for hydroxy- 
pyruvate. With the latter, the ratios of activity of 
the labelling to the adjacent 


main secondary 


Table 6. Incorporation of 4C from labelled hydroxypyruvate and some related compounds 


into glucose carbon atoms of liver glycogen in the previously fasted rat 


Specific activity of glucose 


141 
incorporated 


Compound (% of dose) C-l1 C-2 C-3 
Hydroxy[3-!C]pyruvate 1-5-5-0 35 10 4 
Hydroxy|[2-'C]pyruvate 1-9-4-4 13 32 5 
pL-[3-"C}Serine 4-7 34 12 5 
[3-4C]Pyruvate 4-5 24 18 7 
[2-4C]Pyruvate* 16 21 12 
[3-“C]Lactatet 4-9-8-9 22 21 6 
[2-4C]Glycolaldehyde 2-2 21 26 6 
[2-“C]Glycine 3-9 20 26S 


carbon atoms (%) 


C-4 1-5 C-6 Reference 
4 12 35 This paper (mean) 
6 23 10 This paper (mean) 
5 12 32 Friedmann, Levin & Weinhouse 
(1956) 
8 22 22 Friedman, Levin & Weinhouse 
(1956) 
12 21 19 Landau, Hastings & Nesbett 
(1955) 
6 21 22 Lorber, Lifson, Wood, Sakami & 
Shreeve (1950) 
7 22 19 Friedmann, Levin & Weinhouse 
(1956) 
6 24 20 Friedmannn, Levin & Weinhouse 


(1956) 


* For liver slices in high K+ ion medium. Other data are for intact rats. 
+ Carbon atoms were determined in pairs (C-1 and C-6, C-2 and C-5, C-3 and C-4) and these calculated values are based 


on an assumed symmetrical distribution. 
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labelling is approximately 2-3—3-5:1. With lactate 
and pyruvate the corresponding ratios are only 
about 1—1-5:1. The high degree of randomization 
with these latter substrates is attributed to 
‘shuttling’ through rapid interconversion with 
symmetrical C, intermediates of the tricarboxylic 
acid cycle (Topper & Hastings, 1949; Lorber, 
Lifson, Wood, & Shreeve, 1950). The 
probable inference is that hydroxypyruvate is 
more nearly situated with relation to phospho- 
glyceric acid in the glycolytic chain than are 
pyruvate and lactate. If hydroxypyruvate enters 
by a more rapid or more direct pathway into 3- 
phosphoglycerate for resynthesis of hexose, it will 
obviously stand less chance of randomization in the 
process. It is currently thought that at least part 
of the incorporation of pyruvate proceeds by a 
carboxylation reaction involving malate or oxalo- 
acetate or both, which are in equilibrium with 
fumarate, thus accounting for the randomization of 
carbon atoms occurring with pyruvate and lactate 
during hexose resynthesis (cf. Krebs & Kornberg, 
1957). Presumably therefore this type of ‘shuttling’ 
occurs, if at all, to a much less extent with hydroxy- 
pyruvate. 

Friedmann et al. (1956) have presented data for 
the incorporation of “C of p1-[3-!C]serine into 
rat-liver glycogen, which are also included in 
Table 6. The very close parallelism of isotope 
distribution observed by us_ with 


Sakami 


with that 
hydroxy[3-4C]pyruvate is striking. These authors, 
also, conclude that the deamination product from 
serine may be a C, acid which is more directly 
incorporated into glyceric acid than is pyruvate, 
and tentatively suggest that this unknown inter- 
mediate may be hydroxypyruvate. We are in 
agreement with these authors inasmuch as our 
direct experiments with labelled hydroxypyru- 
vate agree so closely with theirs for serine. 
Since, however, Friedmann et al. used only DL- 
serine it is possible (as they mentioned) that the 
natural L-isomer might behave differently, and 
their experiments need to be repeated with isotopic 
L-serine. 

This is particularly necessary since D-serine is the 
isomer mainly or exclusively attacked to yield 
hydroxypyruvate when incubated aerobically with 
rat-kidney slices (Sprinson & Chargaff, 1946; 
Holzer & Holldorf, 1957). In unpublished work we 
have confirmed these observations and have 
extended them to rat-liver slices, which, however, 
even in the presence of arsenite, failed to accumu- 
late significant amounts of hydroxypyruvate under 
the same conditions. We have also found that pre- 
parations of D-amino acid oxidase, purified from 
rat kidney as far as stage 3 as described by Negelein 
& Brémel (1939), readily oxidized pDL-serine to 


which we _ identified colori- 


hydroxypyruvate, 
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metrically and by the specific dehydrogenase (ef. 
Dickens & Williamson, 19585). 
Behaviour of hydroxy[*@C|pyruvate in 
slices. The metabolism of hydroxypyruvate has 
been studied in isolated liver slices as a stage 
towards the localization of the glycogenic action 
found by us in the whole animal, and also because 
Elwyn et al. (1957) have recently made a valuable 
and detailed study of the metabolism of both p- 
and 1-[3-!4C]serine in rat-liver slices. The medium 
used in our experiments (Krebs—Ringer bicarbon- 
ate) corresponds with the ‘Ringer bicarbonate’ 
medium of these workers, except that it contains 
1-2 mm-phosphate and 1-2 mm-Mg?* ions, 
bicarbonate (25 instead of 40 mm) and slightly more 
Ca?* ions. It is therefore a ‘high sodium medium’, 
in which, owing to activation of phosphorylase, 
little glycogen deposition occurs, and any newly 
formed carbohydrate appears mainly as glucose in 
the medium (Ashmore, Cahill, Hastings & Zottu, 
1957). This is a practical convenience in isolating } 


rat-liver 





less ? 


the glucose formed. 

Results on the incubation with liver slices of 
hydroxy[3-“C]pyruvate and L-[3-™C]serine may 
therefore be directly compared with those of 
Elwyn et al., also included in Table 4. Like these 
authors, we found a large (about 40%) disappear- 
ance of L-serine during incubation, based on the } 
total formaldehydogenic material on periodate 
treatment; moreover, our results based on column 
fractionation after incubation suggest that not all 
the liberation of residual formaldehyde was due to 
serine (Table 4). We also found a similar rate of 
incorporation of “C from L-serine (about 1-5 % of 
total added radioactivity). Elwyn et al. noted that 
the much lower utilization of D-serine by liver 
slices (11% of total radioactivity compared with 
40 % for L-serine) was accompanied by a relatively 
much higher incorporation, expressed as a percent- | 
age of the serine utilized, into glucose (11-2 % for 
D-serine against 3-4 % for the L-isomer). 

These results may be compared with those 
reported in this paper for hydroxypyruvate 
(Table 4). The rate of incorporation of hydroxy- 
pyruvate into glucose is very high (15-7% in 
90 min. incubation), a value clearly sufficient to 
support the possible role of hydroxypyruvate as an 
intermediate in the metabolic conversion into 
glucose of both p- and t-serine. If it is in fact an 
intermediate, the formation of hydroxypyruvate 
from both isomers of serine would appear to be the 
limiting stage in the conversion of serine into 
carbohydrate in liver. 

The total activity of formaldehydogenic sub- 
stance remaining after incubation with hydroxy- 
pyruvate (24% of that added) consisted of un- 
changed hydroxypyruvate (5%), formaldehydo- 
genic amino acid (serine; 3-7 %) and about 7 % due 





2 


- 


a 


m 


dis 
ob: 
cor 


ser 








1959 ? 


se (cf. 


it-liver 
e has 
stage 
action | 
cause 
luable 
th p- 
edium 
irbon- 
mate’ 
ntains 
, less? 
7 more 
lium’, 
rylase, 
newly 
‘cose in 
Zottu, 
lating ) 


ces of 
» may 
se of 
» these 
ppear- 
on. the } 
‘iodate 
olumn 
not all 
due to 
rate of 
5 % of 
d that 
y liver 
d with 
atively 
arcent- | 


» O/ , 
»%, for 


those 
ruvate 
droxy- 
1% in 
ient to 
e as an 
n into 
fact an 
ruvate 
be the 
e into 


ic sub- 
‘droxy- 
of un- 
jehydo- 
Of, due 








Vol. 72 


to glucose (total 16 % of that added accounted for). 
The almost complete disappearance of hydroxy- 
pyruvate shows extensive metabolic utilization by 
still undetermined pathways. But the high glucose 
formation from hydroxypyruvate agrees with that 
found by us in the intact rat. 

The results of Table 5 show that in comparison 
with hydroxy[3-“C]pyruvate the hydroxy[1-'4C]- 
pyruvate gives considerably more “4CO,, as might 
be expected since this substance undergoes some 
slight decarboxylation at pH 7 even spontaneously 
and it is a substrate for transketolase. However, 
nearly 20 % of the hydroxypyruvate “C not lost as 
carbon dioxide or (total 
29+ 5 = 34%) appears as glucose in the medium. 
This is again a very high rate of incorporation. By 
comparison, added NaHCO, (Table 5) gives only 


remaining unchanged 


a very low percentage incorporation. 

Degradation of the purified glucose by the yeast 
method (Table 5) indicates again the same pre- 
dominant type of incorporation as that described 
above for hydroxy-[3-'“C]- and -[2-!4C]-pyruvate in 
the whole animal, since C-3 and C-4 between them 
have 93-94% of the total radioactivity of the 
glucose formed: 


- 


2 3 
2 3* 4* 


6 


Hydroxypyruvate C atoms no. 3 


ob 


Glucose C atoms no. 1 


Fig. 2 illustrates diagrammatically the percentage 
distribution of labelled carbon among the products 
observed with liver slices, and some probable 
conclusions from these data are suggested. 

Pathways of metabolism of hydroxypyruvate and 
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radioactivity is so much higher with labelled 
hydroxypyruvate than with either L- or D-serine in 
liver-slice experiments, it is unlikely that serine 
lies on the pathway from hydroxypyruvate to 
glucose, although as already stated the converse 
may apply, especially for the D-isomer. 

With x-[!4C]serine and hydroxy[C pyruvate the 
possible effect of dilution with the metabolic pool 
of the unlabelled substances has to be considered. 
L-Serine is converted into 3-phosphoserine in rat 
liver, in which both of these substances are normally 
present to the extent of 1-1 umole of free serine and 
0-04 umole of wet 
(Nemer & Elwyn, 1957). The amount of hydroxy- 


phosphoserine/g. of liver 
pyruvate found in rat-liver tissue is 2-2 + 0-9 um- 
moles/g. (Holzer & Holldorf, 1957). Since 10 pmoles 
of labelled hydroxypyruvate or L-serine/g. of liver 
slices was regularly added in our experiments, and 
the greater part of this was metabolized, differences 
in any dilution with the metabolic pool of these 
substances can hardly have had much effect on the 
observed relative rates of incorporation into glu- 
cose, even though the turnover rate of the pools 
themselves should considered. 
quently the much higher rate of glucose formation 
from hydroxypyruvate appears to be a genuine 
finding, and on this basis hydroxypyruvate could 
very well be an intermediate in the conversion of 
serine into glucose. 

Such a pathway involving entry as an intact C, 
unit would require either a transamination or 
deamination to hydroxypyruvate, or the 
action of liver serine dehydrase (Chargaff & 


also be Conse- 


else 


serine. Since the incorporation into glucose of Sprinson, 1943), which converts L-serine (but not 
*CH,*OH 
| 
CH-NH, 
CO,H 
4% 
+ C) 
| | 
cx} 
| 
=CO, «——- *CH, "OH Ce) 
6% | | t 13%* > 17%t 
CO ae 
°CO, <——— °C0,H Cx) 
31% | 
t cx) 
unknown products hexose 
Fig. 2. Metabolic products incorporating 1-14C (denoted °) and 3-14C (denoted *) of hydroxypyruvate in rat-liver slices. 


[* The evidence presented suggests that this is predominantly directly incorporated as the carboxyl of a C, chain, 


and not as free CO,, to the extent of 13% in C-3 +C-4 of glucose. 


+ Randomization of C-1 and C-6 with C-2 and 


C-5 has not been directly studied with liver slices and is provisionally assumed to be the same as in rat liver in vivo. 
The total 3-"C of hydroxypyruvate entering C-1, C-2, C-5 and C-6 of glucose is 17%. The extent (4%) to which 


this figure exceeds that for incorporation of 1-“C 


could indicate that this amount of ™“C from decarboxylated 


hydroxypyruvate enters the glucose molecule either as free glycolaldehyde (cf. Friedmann, Levin & Weinhouse, 
1956, in Table 6) or as a result of the various possible transketolase—transaldolase transformations of ‘active 


glycolaldehyde’.] 
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the D-isomer) into pyruvate (Sayre & Greenberg, 
1956). As already discussed, the randomization of 
the terminal pairs of glucose carbon atoms is much 
less when “C-labelled hydroxypyruvate is the sub- 
strate than with labelled pyruvate. If pyruvate 
formation by this route lies on the pathway of the 
L-serine—glucose transformation it would therefore 
be expected to account for only that small part of 
the serine metabolized which would correspond to 
the slight degree of randomization observed. 
Other possible metabolic routes of serine and 
outlined in 
Fig. 3. The improbability of a main pathway of 


hydroxypyruvate metabolism are 
hydroxypyruvate metabolism via serine to glucose 
(reactions I, II, V, VI and VIII, Fig. 3) has already 
been discussed. In addition, the reductive path- 
way of enzyme VI shown by the broken arrow 
(3-phosphohydroxypyruvate dehydrogenase) has 
not yet been experimentally demonstrated, al- 
though evidence of the oxidative reaction has been 
provided for liver by Ichihara & Greenberg (1957 a). 

Hydroxypyruvate conversion into 3-phospho-p- 
glyceric acid by a fairly direct route, followed by 


Glucose 


H-CHO qi 
CH,-NH, CO 
CO,H . CO,H 
x Pyruvate 
| 
CH,-OH 
CH-NH, I 
_ 
CO,H L-Alanine 
Serine 
1114} 11 
H,O|} ATP 
CH,-OPO,H, 
CH-NH, ——— 
L-Glutamate 
CO.H 


3-Phosphoserine 


Fig. 3. 


transaminase (Sallach, 1956), or p-serine with p-amino acid oxidase. 
Nemer & Elwyn, 1957], or a phosphatase (probably non-specific, Ichihara & Greenberg, 1957a). 
V, Transaminase (Ichihara & Greenberg, 1957a). 


aldolase (serine transhydroxymethylase). 
(DPN-linked?), (Ichihara & Greenberg, 19572). 
VIII, Embden—Meyerhof glycolytic reactions. 
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-Phosphohydroxy pyruvate 


Possible pathways of metabolism of serine and hydroxypyruvate in liver. I, 


IX, Unknown phosphokinase for hydroxypyruvate. 
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synthesis of glucose from the latter by the well- 
known glycolytic pathway, would appear to be 
the most probable explanation and would be con- 
sistent with the pattern of labelling of glucose 
Although trans- 
ketolase reactions (XI) in vitro occur with hydroxy- 
pyruvate in the of suitable acceptor 
aldehydes, we have seen that the almost sym- 


observed in these experiments. 
presence 


metrical labelling of the glucose produced, and also 
the retention of most of the carboxyl carbon in the 
glucose molecule, indicate that in vivo this pathway 
to glucose, if it occurs, must be a minor one for 
hydroxypyruvate. So, be the part 
played by formation of free glycolaldehyde (ef. 
Table 6). Likewise, formation of formaldehyde and 
glycine by serine transhydroxymethylase acting 


also, must 


together with tetrahydrofolic acid (reaction IV), 
and subsequent metabolism of these two products 
to glycogen by oxidative routes, do‘not appear to 
be consistent with the pattern of glucose labelling 
observed. 

It is tentatively suggested that either (a) hydr- 
oxypyruvate may be reduced to D-glyceric acid by 


CH,-OH 


‘HO 


CO, 


‘Active’ glycolaldehyde 


xf 








CH, -OH CH,*OH 
X 
CO 22SSsEasec CH-OH 
CO,H CO,H 
Hydroxypyruvate Glyceric acid 
rx[are vular 
CH,*OPO,H, CH,*OPO,H, 
] Vil 
CoO a CH-OH Glucose 
CO,H CO,H 


3-Phosphoglyceric acid 


L-Serine with pyruvate and 
II and III, Serine phosphokinase [(?), see 
IV, Serine 
VI, A dehydrogenase 





VII, pv-Glycerate kinase (Ichihara & Greenberg, 19576). 


X, p-Glyceric 


dehydrogenase [DPN-linked, in plant tissues (cf. Stafford et al. 1954)]. L-Lactic dehydrogenase of animal tissues, 
if concerned here, would require a racemase for conversion of the product L-glyceric acid into p-glyceric acid (see 


text). XI, Transketolase (+acceptor aldehyde). 


Greenberg, 1956). 


XII, Serine dehydrase (Chargaff & Sprinson, 1943; Sayre & 
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a dehydrogenase (reaction X), which could then be 


phosphorylated by the p-glyceric acid kinase of 


Ichihara & Greenberg (19576), or (6b) hydroxy- 
pyruvate could first be phosphorylated by an as 
yet unknown phosphokinase reaction (LX) to give 
3-phosphohydroxypyruvate, which is subsequently 
reduced to 3-phosphoglyceric acid, this substance 
being then incorporated into glucose. The former 
route (a) also involves an enzyme system as yet 
unidentified in producing D- 
glyceric acid from hydroxypyruvate. This reaction 
does, however, occur with plant extracts (Stafford 
et al. 1954), and enzyme systems which metabolize 


animal tissues, 


p-a-hydroxy acids, especially liver-mitochondrial 
systems which may involve racemases (cf. Huen- 
Mahler & Nordman, 1951), 
described. Their mechanism of action, however, is 
as yet 
appear to have been studied as a substrate with 


nekens, have been 


uncertain and pD-glyceric acid does not 
such preparations. A further possibility would be 
the intermediate formation of (optically active) 
tartronic semialdehyde, which might arise 
hydroxypyruvate which 
appears to be a precursor of glyceric acid in 
Aerobacter (McRorie & Novelli, 1958). It is 


tended to investigate the metabolism of p- and 


en- 


zymically from and 


in- 


L-[4C]glyceric acid in animal enzyme systems and 
in intact liver with a view to clarifying this at 
present obscure part of the pathway of metabolism 
of hydroxypyruvate. 


SUMMARY 


1. The metabolism of specifically C-labelled 
hydroxypyruvate, and particularly its conversion 
into glucose, has been studied in the intact rat and 
in rat-liver slices. 

2. In the fasting rat, radioactivity of subcu- 
taneously injected hydroxy[3-“C]pyruvate and 
hydroxy[2-“4C]pyruvate appears the _ liver 
glycogen. This incorporation amounted to 1-9 
5-0 % of the dose given, whereas with [1-!4C]glucose 
under similar conditions incorporation was 3-8 %. 


in 


3. Stepwise degradation of the glucose obtained 
on hydrolysis of the liver glycogen showed that 
with either hydroxy[3-4C]- or hydroxy[2-C}- 
pyruvate a nearly symmetrical pattern of distribu- 
tion occurred. With the former, main labelling was 
in C-1 and C-6 of glucose; with the latter, it was in 
U-2 and C-5. Randomization of radioactivity to the 
adjacent end carbons (C-1 = C-2 and C-6 = C-5) 
was observed, but it was much less than has been 
reported for similarly labelled lactate or pyruvate, 
though with hydroxy[3-'C]pyruvate it was almost 
identical with that reported for pL-[3-!C]serine. 

4. When incubated aerobically in Krebs—Ringer 
bicarbonate solution with liver slices (from fed rats), 
95% of specifically labelled hydroxypyruvate is 
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metabolized. The utilization of substrate and in- 
corporation of radioactivity into glucose were much 


higher with hydroxy[3-“C]pyruvate (average 
15:-7% of total radioactivity incorporated) than 
with 1-[3-4C]serine (average 1-6%), the latter 


percentage being similar to that reported for either 
L- or D-[3-“C]serine by Elwyn et al. (1957). In 
similar experiments with hydroxy[1-4C]pyruvate 
incorporation was almost exclusively in C-3 and 
C-4 of glucose and amounted to 12% of the total 
MC; parallel experiments with NaHCO, showed 
relatively slight incorporation into glucose. 

5. These experiments are considered to show 
that the rat in vivo and rat-liver tissue in vitro are 
able to incorporate readily all three carbon atoms of 
hydroxypyruvate into the glucose molecule, the 
evidence suggesting that this occurs symmetrically 
with combination of two unbroken C, chains by a 
fairly direct route not passing through L-serine and 
probably not through pyruvate as intermediates. 
The possible bearing of these observations on 
serine metabolism is discussed. 
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Adaptation to Form Bacteriochlorophyll in Rhodopseudomonas 
spheroides: Changes in Activity of Enzymes 
concerned in Pyrrole Synthesis 


By JUNE LASCELLES* 
Microbiology Unit, Department of Biochemistry, University of Oxford 


(Received 12 January 1959) 


Rhodopseudomonas spheroides, like other members 
of the able to grow either 
anaerobically in the light or aerobically in the dark 
(van Niel, 1944). Organisms cultured under the 
former conditions are heavily pigmented and are 


Athiorhodaceae, is 


rich in bacteriochlorophyll and carotenoids, while 


aerobically grown organisms contain only traces of 


these pigments (van Niel, 1944; 
Sistrom & Stanier, 1957). 
Growth under anaerobic conditions occurs only 


in the light and is therefore dependent upon the 


Cohen-Bazire, 


intracellular pigments concerned in photosynthesis 
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) 
(photopigments), in particular bacteriochlorophyll. 


Kinetic studies with exponentially growing cultures 
of R. spheroides have shown that transfer of 
aerobically growing organisms to anaerobic condi- 
tions in the light results in the adaptation of all 
these organisms in the inoculum to form the photo- 
pigments, and synthesis of these substances pre- 
cedes cell division (Cohen-Bazire et al. 1957). 
Cultures of R. spheroides grown anaerobically in 
the light contain 40-100 times as much bacterio- 
chlorophyll as those grown aerobically. The con- 
centration of haematin compounds is similar in 
both types of organism, but is only a small fraction 


(1-5%) of the amount of bacteriochlorophyll 
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(Kamen & Vernon, 1955; 1956a). 
Adaptation to form the photopigment must there- 
fore involve considerable diversion of intermediates 
derived from metabolism of the carbon and nitrogen 
of the medium of 
bacteriochlorophyll. 

There is good evidence that the early stages in 
the formation of bacteriochlorophyll by R. 
spheroides are .identical with those leading to 
porphyrins and that protoporphyrin, or a deriva- 
tive, is an intermediate common to the synthesis of 
both bacteriochlorophyll and intracellular haematin 
compounds (Lascelles, 1956a, b). The conditions 
which permit synthesis of free porphyrins by 
suspensions of R. spheroides from glycine and «- 
oxoglutarate paralleled those which promote 
formation of bacteriochlorophyll, both pigments 
being formed from these substrates only anaerobic- 
ally in the light. This could suggest that the change 
found in the amount of bacteriochlorophyll in 
cultures grown under the different conditions might 
be reflected in the activity of enzymes concerned in 
that part of the biosynthetic pathway which is 
common to the synthesis of porphyrins and 
bacteriochlorophyll. Changes in the levels of 
activity of these enzymes may be connected with 
the adaptation to form bacteriochlorophyll, and 
the present work was undertaken with this possi- 
bility in mind; particular attention was given to 
the enzymes involved in the synthesis of §-amino- 
laevulic acid and its conversion into porphobili- 
nogen. 

Recently, synthesis of §-aminolaevulic acid, the 
first demonstrable intermediate in porphyrin 
formation, has been demonstrated in cell-free 
extracts of R. spheroides (Kikuchi, Shemin & 
Bachmann, 19586; Gibson, 1958; Kikuchi, Kumar, 
Talmage & Shemin, 1958a; Sawyer & Smith, 
1958). The substrates are glycine and succinyl- 
coenzyme A, added as such or generated by 
succinate thiokinase from succinate, adenosine 
triphosphate and coenzyme A or by the action of 
the «-oxoglutarate dehydrogenase system. Pyri- 
doxal phosphate is essential for the reaction. The 
enzyme, §-aminolaevulic acid dehydrase, which 
converts $-aminolaevulic acid into porphobilinogen, 
is also present in extracts of R. spheroides (Neu- 
berger, Scott & Shuster, 1956). 

In the present work, conditions have been 
established under which suspensions of R. spheroides 
harvested after aerobic growth in the dark become 
adapted to form bacteriochlorophyll within a short 
period of time. Extracts prepared from organisms 
at various stages during adaptation have been 
examined for their ability to form 5-aminolaevulic 
acid and porphobilinogen. Other enzymic activities 
have also been followed, to see whether the 
observed increases in the enzyme systems associ- 


Lascelles, 


sources towards synthesis 
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ated with pyrrole formation reflect a general in- 
crease in enzymic activity during adaptation. 
Comparison has also been made between enzymic 
activities in extracts of organisms freshly harvested 
after aerobic growth in the dark and anaerobic 
growth in the light. 


EXPERIMENTAL 
Chemicals 


Coenzyme A (CoA, 70-75% pure), adenosine triphosphate 
(ATP) and 8-azaguanine were obtained from the Sigma 
Chemical Co., St Louis, Mo., U.S.A.; pyridoxal 5-phosphate 
from Roche Products Ltd., Welwyn Garden City, Herts; 
glutathione from British Drug Houses Ltd., Poole, Dorset; 
methylphenazonium methosulphate and _  p.L-p-fluoro- 
phenylalanine from L. Light and Co., Colnbrook, Bucks; 
chloramphenicol from Parke, Davis and Co., Hounslow, 
Middlesex. 

Succinyl-coenzyme A (succinyl-CoA) was prepared by 
the method of Simon & Shemin (1953) and was used im- 
mediately. The values quoted for succinyl-CoA are based 
on the amount of CoA used, assuming it to be 70% pure. 

Phosphate buffers from KH,PO, 
K,HPO,. Tris buffers were prepared from 2-amino-2- 
hydroxymethylpropane-1:3-diol and HCl according to 
Gomori (1955). Other chemicals were commercial samples 
of the purest grade available or were prepared as described 
previously (Lascelles, 19562). 


were made and 


Organisms 


Unless stated otherwise the strain of Rhodopseudomonas 
spheroides used [National Collection of Industrial Bacteria 
(N.C.I.B.), no. 8253] was that described previously 
(Lascelles, 1956a). Another strain, no. 2.4.1. from the 
collection of Professor C. B. van Niel, was used in some 
experiments. Stock cultures of these organisms were 
maintained as previously described (Lascelles, 1956a). 


Preparation of suspensions and 
extracts of organisms 


Growth and harvesting. Unless stated otherwise, the 
medium (medium MS) was similar to that described 
previously (Lascelles, 1956a) with the following modifica- 
cations: MnSO, (5m) was added and the concentration of 
L-glutamate was 0-01m instead of 0-02m. Ferric citrate 
(10 um) was added where stated in the text. Details of the 
inoculum and of the methods used to grow organisms 
anaerobically in the light have been described previously 
(Lascelles, 1956a). Most experiments were with organisms 
which had been grown aerobically in the dark. These 
cultures were grown in 2]. Erlenmeyer flasks containing 
500 ml. of medium; they were incubated at 30 
ciprocating, gyrorotary shaker (New Brunswick Scientific 
Co., New Brunswick, N.J., U.S.A.) operating at 100 rev. 
min. The organisms were harvested by centrifuging at the 
end of the logarithmic phase of growth (14-20 hr.) and were 
washed in one half the original culture volume of 0-02m- 
phosphate buffer, pH 7-0. They were finally suspended to 
the required concentration in 0-04m-phosphate buffer 
(pH 7-0) and 0-001 m-MgSO,. 


in a re- 
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Experiments with suspensions of organisms. The harvested 
organisms were incubated in a mixture (standard mixture) 
containing the following (in pmoles/ml.): potassium phos- 
phate buffer (pH 7-0) 6; (NH,),HPO,, 3; MgSO,, 1; CaCl,, 
0-4; iron citrate, 0-01; MnSO,, 0-005; sodium fumarate, 
20; glycine and sodium «-oxoglutarate, 10 each. In studying 
the synthesis of bacteriochlorophyll in the dark, three 
methods of incubation were used according to the aims of 
the particular experiment: (1) To determine the effect of 
oxygen partial pressure, organisms (3-5 mg. dry wt.) were 
incubated in 5 ml. of the standard mixture in tubes shaped 
like an inverted T (‘small T-tubes’) similar to those 
described by Monod, Cohen-Bazire & Cohn (1951); the 
horizontal limb containing the suspension was of 1-5 em. 
internal diameter and 15 cm. long. The vertical limb was 
closed with a bored rubber stopper with connexions of 
glass and rubber tubing, so that the vessels could be 
evacuated and filled with gas mixtures. The T-tubes were 
clamped to a rocking device (see van Heyningen & Glad- 
stone, 1953) and shaken in a water bath at 36 oscillations/ 
min. (2) The effect of components of the reaction mixture 
and of inhibitors was determined with organisms (3-5 mg. 
dry wt.) suspended in 5 ml. of reaction mixture in 25 ml. 
Erlenmeyer flasks; these were shaken in a Dubnoff meta- 
bolic incubator shaker (Precision Scientific Co., Chicago, 
Ill., U.S.A.) at 65 oscillations/min. under an atmosphere of 
O, + N, (6:94). (3) When the enzymic activity at various 
stages of adaptation was to be determined suspensions 
were set up on a larger scale. Organisms (150-200 mg. dry 
wt.) were suspended in 50 ml. of the standard mixture and 
were shaken as described above in big T-tubes of 3-3 em. 
internal diameter and 19 em. long. 

Incubation in the light was in 1-5 cm. x15 cm. tubes 
containing 5 ml. of suspension, or in 2 0z. medical flat 
bottles containing 50 ml. of suspension; anaerobic condi- 
tions were obtained by forcing the cotton plug into the 
tube or the neck of the bottle, placing on it a few crystals of 
pyrogallol and 2 drops of saturated K,CO, solution and 
sealing with a rubber stopper. The vessels were incubated 
in front of a battery of 40-60 w tungsten lamps (Lascelles, 
1956a). All incubations were at 34°. 

Preparation of cell-free extracts. Extracts were prepared 
either from organisms freshly harvested and resuspended as 
described above, or from suspensions of organisms which 
had been first incubated in big T-tubes (see above). In 
this case the suspensions were centrifuged, the organisms 
washed in an equal volume of 0-02M-potassium phosphate 
buffer (pH 7-0) and finally suspended in 10-20 ml. of 
0-04M-potassium phosphate buffer (pH 7-0) and 0-001m- 
MgSO, . These suspensions, containing 10-20 mg. dry wt. of 
organisms/ml., were disrupted by ultrasonic vibration for 
4min. at 25kc./sec. on a Mullard ultrasonic generator 
type E 7590B (Mullard Ltd., London, W.C. 1); to avoid 
overheating, the transducer assembly was immersed in a 
rapidly flowing stream of tap water. Whole cells and debris 
were removed by centrifuging at 25 000 g for 10 min. at 0°. 
The supernatant was spun for a further 90 min. at 105 000 g 
in a Spinco ultracentrifuge, model L. This brought down 
a particulate fraction containing the bulk of the pigment; 
after removal of the clear supernatant the particles were 
suspended in 5-10 ml. of a mixture of 0-04m-potassium 
phosphate buffer (pH 7-0) and 0-001M-MgSO,; and both 
fractions were kept at 0° until required for assays of en- 
zymic activity. 
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Estimations 

Dry weight of organisms. The extinction of suspensions 
was measured at 680 my and the dry wt. calculated from a 
calibration curve; absorption due to the photopigments is 
minimal at this wavelength (Cohen-Bazire et al. 1957). 

Protein. The concentration of protein in extracts was 
determined colorimetrically by a method based on the 
biuret reaction (Layne, 1957) after removal of photo- 
pigments by treatment with hot acid—ethanol (Vernon & 
Kamen, 1953). Crystalline bovine plasma albumin 
(Armour Laboratories, London) was the standard. 

Porphyrins und bacteriochlorophyll. Porphyrins were 
estimated spectrophotometrically in the supernatant fluid 
after removal of organisms by centrifuging (Lascelles, 
1956a). The bacteriochlorophyll in the organisms was 
extracted with methanol and measured spectrophoto- 
metrically by the method of Cohen-Bazire et al. (1957). 


~ 


Assay of enzymic activities 


Synthesis of 5-aminolaevulic acid (ALA-synthesis system). 
The method used to determine the ability to form ALA 
depended on the presence in the extracts of succinic thio- 
kinase, which formed succinyl-CoA (required for condensa- ! 
tion with glycine) from succinate, ATP and CoA. This 
activity was constant in all extracts tested (see below). The 
reaction mixture for assay of the ALA-synthesis system 
contained: extract, 2-5 mg. of protein; tris buffer (pH 7:5), 
75 umoles; MgSO,, 10 umoles; MnSO,, 0-025 umole; ATP, 
7-5 moles; pyridoxal phosphate, 0-1 zmole; glutathionine, 
1-5 pmoles; CoA, 0-05 pmole; sodium succinate and glycine, 
each 150 umoles; H,O to 1-5 ml. Incubation was at 34° for 
1-2 hr. in 15cm. tubes. The reaction was stopped by 
addition of 0-5 ml. of 20% (w/v) trichloroacetic acid, and 
the precipitated protein removed by centrifuging. The ALA 
in 0-05-0-4 ml. samples of the supernatants was estimated 
colorimetrically after condensation with acetylacetone by 
the method of Mauzerall & Granick (1956). 

Formation of porphyrins, porphyrinogens or porpho- 
bilinogen was not detectable under the conditions used and 
synthesis was not increased by anaerobic incubation in 
Thunberg tubes. The addition of glutathione improved } 
synthesis slightly, provided that the final concentration did 
not exceed 1mm. The amount of ALA formed was pro- 
portional to the amount of extract added over a range 
from 1 to at least 5 mg. of protein and the rate of synthesis 
by all types of extracts tested was linear for at least 
3 hr. 

The material estimated as ALA was confirmed to be this 
compound by paper chromatography in butanol-NH, and } 
butanol-acetic acid by the methods of Mauzerall & Granick 
(1956). The pyrrole formed on condensation with acetyl- 
acetone had the same R, values as those obtained with an 
authentic specimen of ALA. 

5-Aminolaevulic acid dehydrase. This enzyme 
assayed by a slightly modified version of the method of 
Gibson, Neuberger & Scott (1955). The system contained: 
extract, 0-5-1-5 mg. of protein; potassium phosphate buffer, 
pH 7-0, 100umoles; MgSO,, 10umcles; L-cysteine, 
25 zmoles; ALA hydrochloride, 5 moles; H,O to 2:5 ml. 
Incubation was at 34° in Thunberg tubes filled with H,. 
The ALA was added from the side arm after 30 min. pre- 
incubation, and the incubation continued for a further 
60 min. After deproteinization and destruction of SH 
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groups by the method of Gibson et al. (1955) the porpho- 
bilinogen in the supernatant was determined by the method 
of Mauzerall & Granick (1956). 

The rate of reaction was dependent on the amount of 
protein only up to a concentration of about 0-6 mg./ml., 
and was linear with time for about 1 hr. On more prolonged 
incubation, porphyrinogens were also detectable. 

Succinic thiokinase. This was assayed by a method 
similar to that of Kaufman (1955). The system contained: 
extract, 1-3 mg. of protein; tris buffer (pH 7-5), 100p- 
moles; MgSO,, 10 moles; sodium succinate, 200 umoles; 
ATP, 5ymoles; CoA, 0-05umole; L-cysteine, 20 umoles; 
hydroxylamine (added as a hydroxylamine hydrochloride— 
NaOH mixture, pH 7-0), 800umoles; H,O to 2-0 ml. 
Incubation was in 1-5cm. tubes at 34° for lhr. The 
succinohydroxyamate formed was estimated by the 
method of Lipmann & Tuttle (1945). 

Succinyl-CoA deacylase. This was assayed by a method 
similar to that described by Rendina & Coon (1957) for 
assay of deacylases of other esters of CoA. The system 
contained: extract, 0-2-0-4 mg. of protein; tris buffer 
(pH 7:5), 100umoles; MgSO,, 10umoles; succinyl-CoA, 
lpmole; H,O to 1-0 ml. Incubation was at 34° for 10 min. 
in Thunberg tubes filled with H,, the extract being added 
from the side arm. The reaction was stopped by addition of 
0-2 ml. of 9% (w/v) metaphosphoric acid. After centri- 
fuging the precipitated protein, free SH groups were esti- 
mated by the method of Grunert & Phillips (1951). The 
amount of succinyl-CoA decomposed by the extracts was 
calculated after subtraction of the values obtained in 
controls without substrate and without extract. The rate of 
the reaction was linear for periods up to 20 min. 

Succinic dehydrogenase and succinoxidase. Manometric 
techniques were used to assay these activities. They were 
assayed in the particulate fraction of extracts. The de- 
hydrogenase was determined by following O, uptake at 34° 
in the presence of methylphenazonium methosulphate by 
the method of Singer & Kearney (1957). Succinoxidase 
was assayed by measurement of O, uptake in manometer 
vessels containing: particles, 3-6 mg. of protein; potassium 
phosphate buffer (pH 7-5), 100 umoles; MgSO,, 10 pmoles; 
sodium succinate, 100 wmoles; H,O to 2-5 ml. Incubation 
was at 34° in air. 


RESULTS 


Adaptation to form bacteriochlorophyll by 
suspensions of aerobically grown organisms 


Organisms harvested after growth under strongly 
aerobic conditions in medium MS with or without 
added Fe contained 0-2-0-5 um-mole of bacterio- 
chlorophyll/mg. dry wt. These low values are to be 
compared with those found in photosynthetically 
grown organisms which contain from 12-15 to 
25-30 um-moles/mg. when grown respectively 
without and with addition of Fe. 

The first object was to establish conditions for 
synthesis of bacteriochlorophyll by suspensions of 
aerobically grown organisms. 

Effect of atmosphere. Adaptation to form 
bacteriochlorophyll occurred only after a lag of 
16 hr. or more when the harvested organisms were 
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incubated anaerobically in the light in the standard 
mixture of salts, fumarate, «-oxoglutarate and 
glycine (Table 1). The long delay is to be expected 
since under anaerobic conditions these organisms 
depend entirely upon the photolysis of water to 
obtain energy, and the rate of this reaction de- 
pends on the concentration of intracellular bacterio- 
chlorophyll. 

Cohen-Bazire et al. (1957) observed that O, 
suppresses synthesis of photopigments by R. 
spheroides; pigment synthesis by cultures growing 
under continuous illumination ceased abruptly 
when the gas phase of N, was replaced by air, 
though the rate of growth was unchanged. On the 
basis of this and other observations they proposed 
that synthesis of photopigments can occur in the 
dark provided that the partial pressure of O, is 
reduced to sufficiently low levels. The effect of 
incubation of the suspensions under a reduced 
partial pressure of O, was therefore examined in the 
present work. 

Rapid synthesis of bacteriochlorophyll occurred 
in the dark provided that incubation was under a 
low partial pressure of O, (Table 1). Under the 
experimental conditions described in Tables 1-4, 
where the concentration of organisms was 0-6— 
1 mg. dry wt./ml., maximum synthesis occurred in 
atmospheres containing 3-6% of O,; little or no 
pigment was formed in atmospheres containing 
10% or more of O,. The optimum amount of O, 
had to be determined for each set of conditions 
since, as might be expected, it varied with the con- 
centration of organisms, the surface area/volume 
ratio of the fluid and the rate of shaking. Sus- 
pensions containing 3—4 mg. dry wt. of organisms/ 
ml. formed bacteriochlorophyll rapidly 
shaken in air in large T-tubes (see Fig. 2). 

Suspensions which had been first incubated in 


when 


Table 1. Effect of atmosphere on adaptation 
to form bacteriochlorophyll 


Aerobically grown organisms (0-9 mg. dry wt./ml.) were 
suspended in 5 ml. of the standard mixture (see Experi- 
mental). They were incubated either in the dark in small 
T-tubes under mixtures of N, and O, or anaerobically in the 
light in 1-5 em. tubes. Initial bacteriochlorophyll, 0-3 wm- 
mole/ml. 


Bacterio- 
O, in chlorophyll 
gas phase formed 
Incubation conditions (%) (um-moles/ml.) 

Dark, 6 hr. 0 0 
1 10 
3 18 
6 22 

10 0-8 
20 0 
Anaerobic-light, 16 hr. 0 0 


Anaerobic-light, 24 hr. 0 24 
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the dark in an atmosphere of 6% of O, until the 
level of bacteriochlorophyll had increased by a 
factor of 10 or more continued to synthesize the 
pigment and at a faster rate on transfer to anaero- 
bic conditions in the light (Fig. 1). The total 
amount of pigment formed by suspensions treated 
in this way was 2-4 times that formed by sus- 
pensions incubated only in the dark under a low 
partial pressure of Q,. 

Some growth, as judged by increase in extinction 
at 680my, occurred during incubation, but 
whereas the extinction increased by less than a 
factor of 2, there was over a 100-fold increase in 
bacteriochlorophyll. 


60r 
" s 
7 ¥ 


30 / 


i) 
oO 
—_ 

7 






3 
s 


Bacteriochlorophyll (zm-moles/ml.) 





20 


2 4 6 8 
Incubation time (hr.) 


10 


Fig. 1. Rate of synthesis of bacteriochlorophyll. Aerobic- 
ally grown organisms (0-9 mg. dry wt./ml.) were incu- 
bated in 5 ml. of standard mixture in 25 ml. flasks in the 
Dubnoff shaker under an atmosphere of O, +N, (6:94) 
(—). Flasks were removed at intervals and the bacterio- 
chlorophyll was estimated as described in the text. At 
the time indicated by the arrow, suspensions were trans- 
ferred to 1-5 cm. tubes and incubation continued anaero- 
bically in the light (-—-). Initial bacteriochlorophyll, 
0-2 zm-mole/ml. of suspension. 
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Requirements for synthesis of bacteriochlorophyll. 
The standard mixture (see Experimental) was 
based upon that found previously to promote 
maximum synthesis of porphyrins by light-grown 
cells under other experimental conditions (Lascelles, 
1956a). Glycine, fumarate, «-oxoglutarate, Mg**, 
NH," and iron were needed for maximum synthesis 
of bacteriochlorophyll by suspensions of aerobically 
grown cells incubated under a decreased partial 
pressure of O, (‘Table 2). With the exception of iron, 
these requirements are similar to those previously 
found necessary for the formation of porphyrins. 

The effect of iron was examined in more detail 
since previous work had shown that iron increased 
synthesis of bacteriochlorophyll but prevented 
formation of porphyrins by light-grown cells. The 
initial rate of synthesis by the aerobically grown 
cells incubated under a low partial pressure of O, 
did not differ greatly with or without added iron, 
but in its absence synthesis soon ceased. If, after 


preliminary incubation under a low partial pressure | 


of O,, the suspensions without iron were trans- 
ferred to the light and incubated anaerobically, 


Table 2. Requirements for synthesis of 
bacteriochlorophyll 


Aerobically grown organisms (0-7 mg. dry wt./ml.) were 
suspended in the standard mixture with omission of the 
components as shown. Incubation was in 25 ml. flasks 
containing 5 ml. of suspension in the Dubnoff shaker under 
an atmosphere of O,+N, (6:94). Initial bacteriochloro- 
phyll, 0-5 um-mole/ml. 


Bacterio- 
chlorophyll 
formed 
Component omitted (um-moles/ml.) 
Nil 20 
Glycine 6 
a-Oxoglutarate 13 
Fumarate 5 
MgSO, 2 
(NH,),HPO, 10 
Ferric citrate 5 


Table 3. Effect of iron on synthesis of bacteriochlorophyll and porphyrin 


Aerobically grown organisms (0-9 mg. dry wt./ml.) were suspended in the standard mixture with addition of ferric 
citrate (10m) as indicated. The suspensions (5 ml.) were incubated in the dark in 25 ml. flasks in the Dubnoff shaker 


under an atmosphere of O, + 


N, (6:94). After preliminary incubation under these conditions, they were transferred to 


1-5 cm. tubes and incubated anaerobically in the light for the periods indicated. Initial bacteriochlorophyll, 0-3 un- 


mole/ml. 


First Second 
incubation incubation 
dark Anaerobic-— 
O, + Nz (6:94) light poe 
(hr.) (hr.) —Fe 
2 — 4:5 
20 — 7 
2 4 10 
2 20 ll 


Bacteriochlorophyll 
(um-moles/ml.) 





Porphyrin* 
(um-moles/ml.) 


‘ae a os 
+Fe -Fe +Fe 
5 0 0 
22 0 0 

4: 10 
53 150 : 3 


* Coproporphyrin III, 


_~ 
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Table 4. Effect of inhibitors on synthesis of bacteriochlorophyll 


Aerobically grown organisms (0-7 mg. dry wt./ml.) were suspended in the standard mixture with the additions shown. 
In Expt. 1 the suspensions (5 ml.) were incubated for 8 hr. in 25 ml. flasks in the Dubnoff shaker under an atmosphere of 
O, + Ny (6:94). In Expt. 2 suspensions were first incubated without inhibitor for 4 hr. as in Expt. 1. The contents of the 
flasks were pooled, the organisms centrifuged and resuspended in fresh standard mixture. Samples (5 ml.) were incubated 
in 1-5 em. tubes anaerobically in the light for 6 hr. with the additions shown. 

Initial bacteriochlorophyll: Expt. 1, 0-3 um-mole/ml.; Expt. 2, 6 wm-moles/ml. 


Expt. Inhibitor 

1 Nil 
Chloramphenicol 
DL-p-Fluorophenylalanine 
8-Azaguanine 

2 Nil 
Chloramphenicol 
pDL-p-Fluorophenylalanine 
8-Azaguanine 


there was a small increase in bacteriochlorophyll 
and considerable quantities of coproporphyrin ITI 
appeared in the external fluids (Table 3). Sus- 
pensions with added iron when transferred to the 
light continued to form bacteriochlorophyll and 
only very small amounts were 
detected (Table 3). 
absence of iron was not 


of porphyrin 
Porphyrin formation in the 
observed until the sus- 
pensions had been transferred to anaerobic condi- 
tions in the light; these were the conditions which 
promoted maximum synthesis of bacteriochloro- 
phyll with added iron. 

Effect of inhibitors of protein and nucleic acid 
synthesis. Synthesis of bacteriochlorophyll was 
inhibited by low concentrations of chloramphenicol, 
which specifically inhibits synthesis of protein 
(Gale, 1953). Synthesis was also inhibited by the 
amino acid analogue, pD1L-p-fluorophenylalanine, 
and the purine analogue, 8-azaguanine (Table 4). 
These compounds prevented formation of bacterio- 
chlorophyll when added to suspensions of organ- 
isms incubated under a low tension of O,. The in- 
creased synthesis of pigment which occurred on 
subsequent transfer to anaerobic conditions in the 
light was also sensitive to these compounds, added 
after preliminary incubation under a low tension of 
0, (Table 4). These results suggest that formation 
of bacteriochlorophyll is associated with synthesis 
of both protein and nucleic acid. 


Enzyme activity in cell-free extracts 
of harvested organisms 


Before the activity 
they were becoming 


of enzymes in organisms as 
adapted to form bacterio- 
chlorophyll were studied the enzyme systems were 
examined in extracts prepared from organisms 
freshly harvested after aerobic growth in the dark 
or anaerobic growth in the light. In these experi- 
ments the organisms were grown on medium MS 


33 





Bacterio- 
chlorophyll 
Conen. formed Inhibition 
(mm) (um-moles/ml.) (%) 
; 20 iis 
0-01 0 100 
2 7 65 
2 6 70 
as 57 ‘ 
0-01 0 100 
2 9 84 
2 17 70 


with the addition of 10 uM-ferric citrate, and were 
harvested at the end of the logarithmic phase of 
growth (16-20 hr.). The photosynthetically grown 
organisms contained 40—100 times as much photo- 
pigment as those grown aerobically. 
Distribution of enzymes in extracts. Extracts 
prepared by ultrasonic oscillation were separated 
by centrifuging into particulate and supernatant 
fractions (see Experimental) and the 
activity of each fraction was examined. The ALA- 


enzymic 


synthesis system, ALA dehydrase, succinic thio- 
kinase and succinyl-CoA deacylase were found in 
the supernatant fraction only, while the succinic 
dehydrogenase and succinoxidase systems were 
confined to the particulate fraction. No differences 
in the distribution of any of these systems were 
found in extracts prepared from aerobically or 
photosyntheticaily grown organisms. The findings 
with respect to the ALA-synthesis system, ALA 
dehydrase and succinic thiokinase in R. spheroides 
are in agreement with those of Gibson (1958) and of 
Kikuchi et al. (1958a, b). 
other enzyme systems is in accord with observa- 


The distribution of the 


tions made with a number of different organisms 
(Alexander, 1956). 

Comparative activity of extracts. With the ex- 
ception of succinyl-CoA deacylase (assayed in one 
extract of each type only) each enzyme system was 
assayed in extracts prepared from at least three 
different cultures of organisms grown under each 
condition, i.e. aerobically in the dark or anaerobic- 
ally in the light. There was little variation in 
activity between different extracts prepared from 
organisms grown under the same conditions; the 
results shown in Tables 5 and 7 are from single 
typical experiments with extracts of organisms 
grown under the different conditions. 

The activities of the ALA-synthesis system and 
of the ALA dehydrase were 4-5 times higher in 
Bioch. 1959, 72 
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Table 5. 


J. LASCELLES 


Enzyme activities in extracts of aerobically and photosynthetically grown organisms 


Organisms were grown on medium MS with addition of 10 um-ferric citrate either aerobically in the dark or anaerobically 
in the light. The supernatant fractions obtained by centrifuging the cell-free extracts (see Experimental) were assayed for 
enzyme activity as described. The results are expressed as pmoles of product formed/mg. of protein/hr. 


Enzyme activity assayed 
ALA synthesis 
ALA dehydrase 
Succinic thiokinase 
Succinyl-CoA deacylase 


ALA 
Free SH 


Table 6. Ability of mixtures of extracts 
to form §-aminolaevulic acid 


R. spheroides N.C.1.B. no. 8253 and R. spheroides no. 
2.4.1. were grown as in Table 5. The supernatant fractions 
from extracts were tested for ability to form ALA in the 
assay system (final vol. 1-5 ml.) described in the Experi- 
mental section. The ALA formed was estimated after 
incubation for 1 hr. at 34°. In col. 2 ‘aerobic’ refers to 
extracts from organisms grown aerobically in the dark; 
‘light’ refers to extracts from organisms grown anaerobic- 
ally in the light. 


oxtract 
Strain of (mg. of ALA formed 
R. spheroides protein/tube) (pmole/tube) 
N.C.1.B. no. 8253 Aerobic 2-3 0-076 
Light 1-1 0-143 
Aerobic + (2-3 i 
light {1-1 — 
No. 2.4.1. Aerobic 2-4 0-155 
Light 3-0 0-530 
Aerobic+ {2-4 . 
light 130 0-691 


Table 7. Succinic dehydrogenase and succinoxidase 
in extracts of aerobically and photosynthetically 
grown organisms 


Organisms were grown as in Table 5. Succinic dehydro- 
genase and oxidase activities were determined in the 
particulate fractions of the extracts. Details of the assay 
methods are given in the Experimental section. 

Activity of extracts 
(ul. of O,/mg. of protein/hr.) 








al - 
Succinic 
Growth of organisms dehydrogenase Succinoxidase 
Aerobic—dark 487 107 
Anaerobic-light 373 20 


extracts of the photosynthetically grown organisms 
(Table 5). Since the assay of the ALA-synthesis 
system depended upon the ability of the extracts 
to form succinyl-CoA from succinate, ATP and 
CoA, differences in the level of succinic thiokinase 
could lead to apparent differences in the activity of 
the ALA-synthesis system. The succinic thiokinase 
activity was, however, constant in extracts from 
aerobic and photosynthetic organisms (Table 5). 


Product determined 


Porphobilinogen 
Succinohydroxamate 


Activity in extracts from 
organisms grown 
pone _— 


” omen a ‘ 
Aerobic-dark Anaerobic—light 


0-034 0-143 
0-048 0-212 
3-1 3-0 
1-35 1-4 


Also, the differences in activity between the two 
types of extract were reflected in one experiment in 
which succinyl-CoA (2 umoles in 1-5 ml.) was sub- 
stituted for succinate, ATP and CoA in the standard 


I 959 , 


assay. The ALA formed (ymole/mg. of protein/hr.) | 


by extracts of aerobic and photosynthetic organ- 
isms was 0-018 and 0-075 respectively. The succiny]- 


CoA deacylase activity was high in both types of | 


extract (Table 5). 

Experiments in which known amounts of ALA 
(0-1—-0-5 pmole) were added to extracts from aero- 
bically and photosynthetically grown organisms 
showed little disappearance of this substance. 
Incubation for 2 hr. in the mixture used to assay 
the ALA-synthesis system (but without succinate 
and glycine) resulted in a loss of 20 % of the added 
ALA, and there was no difference between the two 
types of extract. 

Kikuchi et al. (1958a) have reported, without 
experimental detail, that extracts from R. sphe:- 
oides grown anaerobically in the light formed ALA 
more actively than those prepared from aerobically 
grown organisms. They also found that synthesis of 
ALA by extracts of organisms grown anaerobically 
in the light was inhibited by addition of extracts 
from organisms grown aerobically in the dark. 
Extracts from the strain of R. spheroides used in 
the present (N.C.I.B. 8253) were cross- 
tested to see whether evidence for inhibition could 
be obtained. However, the amount of ALA 
formed by mixtures of each type of extract was 
additive (Table 6). Similar results were obtained 
with extracts of the strain of R. spheroides (no. 
2.4.1., van Niel Collection) used by Kikuchi e¢ al. 
(1958a) (Table 6). The difference between the 
present results and those of the American workers 
may be due to different methods of growing the 
organisms and of preparing the extracts. 

Extracts of aerobically grown organisms had 


work 


slightly greater succinic dehydrogenase activity, 
while the succinoxidase system was about five 


times as active (Table 7). Increased oxidase 
activity in extracts from aerobically grown 
Rhodospirillum rubrum has been observed by 


Crook & Lindstrom (1956). 
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»bically Organisms were grown aerobically on medium MS. Aerobic—dark incubation was with 50 ml. of suspension in the 
yed for | standard mixture shaken in air in large T-tubes. Where indicated these were transferred to medical flat bottles and incu- 
bated anaerobically in the light. Incubation with O, was effected by blowing O, through the suspension (50 ml. in a 150 ml. 
flask) with a sparger. Incubation under H, was in a stoppered flask filled with this gas. After incubation samples were 
taken for determination of dry wt. and bacteriochlorophyll; extracts were prepared from the washed organisms as described 
in the Experimental section. Enzyme activities were assayed in the supernatant fractions of the extracts as described. 
Enzyme activity 
Bacterio- (umoles of product/mg. of protein/hr.) 
| Dry wt. of chlorophyllin , —_—_—— A—_——_ ——--, 
Incubation of organisms suspensions ALA ALA Succinic 
Expt. suspensions (mg./ml.) (um-mcles/ml.) synthesis dehydrase thiokinase 
1 Nil 3 0-8 Not tested 0-034 2-75 
Aerobic—dark for 2 hr. 2-8 10 Not tested 0-049 2-6 
le two Aerobic-dark for 2 hr.; then 4-4 56 Not tested 0-094 2-7 
ent in anaerobic-light for 5 hr. 
iS sub- 2 Nil 3:3 0:3 0-033 0-049 2-7 
indard Aerobic—dark for 2 hr. 3-4 1l 0-118 0-062 2-5 
in/hr.) f Aerobic—dark for 2 hr.; then 4:3 35 0-109 0-077 2-5 
, anaerobic-light for 3-5 hr. 
a ae) O,-dark for 2 hr. 3-8 0:3 0-021 0-046 2-6 
ecinyl- , cs 
a 3 Nil 3-7 0-7 0-029 0-038 3-0 
Pes O1 | Aerobic—dark for 2 hr. 3-8 13 0-118 0-051 3-0 
H,-dark for 2 hr. 3-7 0-7 0-024 0-039 3-1 
f ALA : notte a a ; 
pee Enzymic activities of extracts from organisms Pe. 014 
anisms becoming adapted to form bacteriochlorophyll 6 
stance. “ ; ae ; , 2 — 
: Enzymic activities were determined in extracts o 12 012 & 
) assay G 3 3 a mo, = 
oienie of organisms at various stages during the adapta- S c 
3c 5 ‘ a o 
added / tion to form bacteriochlorophyll. % 10 010 2 
- ne In these experiments relatively heavy suspen- a a. 
sions of aerobically grown organisms (3—4 mg. dry & is 
ithout | wt./ml.) were shaken in air in the standard mixture 38 008 & 
eile in large T-tubes (see Experimental for full details) ; A 3 
i es A rapid synthesis of bacteriochlorophyll occurred 3% _ 2 
bically under these conditions (Fig. 2). There was only a = ¢ > 
ili of slight increase in cell mass as judged by determina- — 3 
bicallv tion of extinction at 680 my (see Tables 8-10). S 4 0046 
. A “ = c 
etal } Enzymes concerned in pyrrole synthesis. An s > 
k increase in the ability to form ALA was found in 2 < 
. dark. | ie of iiaetiee sine: Chie tebe o 2 002Z 
ised in | tracts of organisms after 20min. incubation % 
oni under the above-mentioned conditions; this in- = 
; | | crease occurred before there was detectable syn- 
1 could thesi aera hvll. Th ie J ; 20 40 60 80 100 120 
- ALA esis O act eriochlorophyll. © activity in- Incubation time (min.) 
| creased steadily and after 90min. reached a 2 s ; a ; 
ict was , ; ; : , Fig. 2. Increase in ALA-synthesis activity during adapta- 
; maximum level, which was 4-5 times that in : é Bi ae 7 Sa ’ 
ytained } , Dae cd tion to form bacteriochlorophyll. Aerobically grown 
les (no. cxracts from the unadapted ae ae (Fig. 2). organisms (3-3 mg. dry wt./ml.) were incubated in 50 ml. 
ida The ALA dehydrase activity increased only of the standard mixture in large T-tubes aerobically in 
on slightly (1-2-1-6-fold in different experiments) the dark. Tubes were removed at intervals, samples 
during the aerobic incubation. taken for determination of bacteriochlorophyll (@) and 
vorkers : . 7 
se a The enzyme activities were also examined in the organisms centrifuged and washed. Extracts were 
a extracts prepared from organisms which had prepared and the ALA-synthesis system (O) was 
ns had | received a first incubation aerobically in the dark assayed in the supernatant fractions as described in the 
stivi wn followed by a second one anaerobically in the light. text. 
ate pr No further increase in the activity of the ALA- §=————— ate 
nadie | synthesis system occurred on transfer to anaerobic The increase in enzyme activity occurred only 
aaaiill conditions in the light (Tabie 8, Expt. 2). The ALA under conditions which permitted formation of 
a es dehydrase did show a further increase which varied _bacteriochlorophyll. There was no increase in 
“ |in different experiments, sometimes reaching a_ either the ALA-synthesis system or in ALA 
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Table 8. Enzyme activities in suspensions during adaptation to form bacteriochlorophyll 











level three times that originally present (Table 8). 


dehydrase when the suspensions were subjected to 


33-2 
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a high partial pressure of O,, nor when they were 
incubated anaerobically in the dark; under neither 
condition was there synthesis of bacteriochloro- 
phyll (Table 8, Expts. 2 and 3). 

The increase in the activity of both enzyme 
by 0-1 mM- 
chloramphenicol, which also prevented synthesis of 


systems was completely prevented 


bacteriochlorophyll (Table 9). 

Activity of other enzyme systems. No change was 
observed in either the succinic thiokinase (Table 8) 
deacylase (Table 9) activity 
during adaptation to form bacteriochlorophyll. 
The activity during 
adaptation, particularly on transfer of the sus- 
to the light 
(Table 10). There was a less marked decrease in the 


or succinyl-CoA 


succinoxidase decreased 


pensions anaerobic conditions in 


succinic dehydrogenase activity. 


DISCUSSION 


The adaptation of R. spheroides to form photo- 
pigments is an interesting example of metabolic 
regulation and has been discussed in great detail by 
Cohen-Bazire et al. (1957) and by Stanier & Cohen- 
Bazire (1957). The observation that suspensions of 
R. spheroides form bacteriochlorophyll in the dark 
under a low partial pressure of O, supports their 
hypothesis that synthesis of the photopigments is 
controlled by the state of oxidation of a carrier in 
the electron transport system; this, in turn, is 
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thought to be influenced by the partial pressure of 

O, or, under anaerobic conditions, by the light 

intensity. The mechanism by which this hypo: | 
thetical factor exerts its affect on metabolism is 

quite unknown. 

Knowledge of the general metabolism of the 
Athiorhodaceae is still rather fragmentary. There is 
good evidence for the existence of the tricarboxylic 
acid cycle in Rhodospirillum rubrum (Eisenberg, 
1953; Elsden, 1954; Elsden & Ormerod, 1956; } 
Ormerod, 1956) and there is no reason to assume 
that the metabolism of R. spheroides differs from 
this organism to any major extent. The intra- 
cellular levels of succinyl-CoA or succinate may 
play an important role in the adaptation to form 
bacteriochlorophyll. Under highly aerobic condi- 
tions oxidation or assimilation of succinate via the 
tricarboxylic acid cycle may be enhanced, whereas 
under low partial pressures of O, diversion of these 
intermediates towards synthesis of porphyrins and 
bacteriochlorophyll may be favoured. 

An increase in the activity of the enzyme system 
responsible for the formation of ALA from succinyl- 
CoA and glycine might also contribute to the 
diversion of succinyl-CoA towards synthesis of 
pyrrole derivatives. The activity of this system was 
observed to increase before there was detectable 
synthesis of bacteriochlorophyll (Fig. 2), and this is } 
consistent with the possibility that adaptation to 
form this pigment is dependent upon the ability to | 


a } 


Table 9. Enzyme activities in suspensions incubated with chloramphenicol 


Organisms were grown as in Table 8. Suspensions (50 ml.) were incubated aerobically in the dark in large T-tubes in the 
standard mixture with addition of chloramphenicol as shown. After removal of samples for determination of dry wt. and 
bacteriochlorophyll, extracts were prepared and the enzyme activities assayed in the supernatant fractions as described. 





Enzyme activity } 
Bacterio- (umoles of product/mg. of protein/hr.) 
Chloram- Dry wt. of chlorophyll in ——_—* —_—_—_——_ | 
Incubation of phenicol organisms suspensions ALA ALA Succinyl-CoA 
suspensions (mM) (mg./ml.) (ym-moles/ml.) synthesis dehydrase deacylase 
Nil _ 3-4 0-7 0-037 0-039 1-6 
Aerobic—dark) 0 3°8 13 0-153 0-064 1-7 
for2hr. J 0-1 3-4 0-6 0-034 0-035 1-6 


Table 10. Succinic dehydrogenase and succinoxidase activities in suspensions during adaptation 


Organisms were grown as in Table 8. Suspensions were incubated in 50 ml. of the standard mixture aerobically in the 
dark in large T-tubes; where indicated they were transferred to medical flat bottles and incubated anaerobically in the 
light. After removal of samples for determination of dry wt. and bacteriochlorophyll, extracts were prepared and 
the enzyme activities assayed in the particulate fraction as described in the Experimental section. 


Enzyme activity 


~~ 





Bacterio- (ul. of O,/mg. of protein/hr.) 
Dry wt. of chlorophyll in = =.————*~—_-—_ 
organisms suspensions Succinic Succin- 
Incubation of suspensions (mg./ml.) pm-moles/ml.) dehydrogenase oxidase 
Nil 3-4 0-3 133 44 
Aerobic—dark for 2-5 hr 3-6 16 144 30 
Aerobic—dark for 2-5 hr.; then 4-1 53 99 24 


anaerobic-light for 4 hr. 
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form ALA. Also, the activity of this enzyme system 
was enhanced only under conditions where forma- 
tion of bacteriochlorophyll occurred; there was 
neither an increase in enzyme activity nor syn- 
thesis of pigment under a high partial pressure of 
O, or under anaerobic conditions in the dark. The 
increase in ALA dehydrase was less marked but it 
may also be concerned with the adaptation process 
since it, too, occurred only under conditions which 
permitted synthesis of bacteriochlorophyll. 

There are at least three possibilities which could 
account for the increased ability to form ALA, 
observed both in suspensions during adaptation 
and also in organisms harvested after anaerobic 
growth in the light: (a) An inhibitor of the enzyme 
system may be inactivated by incubation under a 
reduced partial pressure of O,. Such an inhibitor 
may be formed by organisms under highly aerobic 
conditions but not by those growing anaerobically 
in the light at the relatively low intensities used in 
the present work. Evidence for such an inhibitor in 
extracts of aerobically grown organisms was not 
found. This is in disagreement with the observa- 
tions of Kikuchi et al. (1958a), but the differences 
may reside in the physiological state of the 
organisms and in the methods used to prepare 
extracts. (b) Enzymes concerned in the metabolism 
of ALA by pathways that do not lead to por- 
phyrins and bacteriochlorophyll may be increased 
under highly aerobic conditions. Little evidence 
for this was found; there was only a slight dis- 
appearance of ALA added to extracts incubated 
under the conditions used to assay the ALA- 
synthesis system. Gibson (1958) found ALA to be 
rapidly metabviized to unknown products by 
fresh extracts of R. spheroides. Again, these dis- 
crepancies may be due to differences in the methods 
of preparation of the extracts. (c) Synthesis of the 
enzyme(s) concerned in the 
succinyl-CoA and glycine may increase under a 
low partial pressure of O, but may be suppressed by 
high partial pressures. This possibility is favoured 
by the observation that chloramphenicol com- 
pletely prevented the increase in activity of the 
ALA-synthesis system when added to suspensions 
incubated under a low partial pressure of O,. Also, 
there was no increase in activity when organisms 
were incubated under completely anaerobic condi- 
tions in the dark; under these conditions the 
organisms would have no means of obtaining 
energy for synthesis of protein. 

Definite conclusions about the nature of the 
observed increases in activity can be reached only 
when there is more information about the mech- 
anism of synthesis of ALA. 

Free porphyrins accumulate in cultures of R. 
spheroides only when grown anaerobically in the 
light, and are not detectable during aerobic growth 


condensation of 
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in the dark (Lascelles, 1955). This is consistent 
with the observation that both the ALA-synthesis 
system and the ALA dehydrase are 4-5 times as 


active in organisms which have been grown 
anaerobically in the light as in those grown 


aerobically in the dark. 

The experiments do not give any idea of the 
mechanisms by which the levels of these enzymes 
are controlled. It is possible that the regulating 
factor in the electron-transport chain postulated by 
Cohen-Bazire et al. (1957) may act either indirectly 
or directly by some type of ‘repressor’ or ‘feed- 
back’ mechanism, such as those found to operate in 
other biosyntheses (Vogel, 1957; Yates & Pardee, 
1957; Umbarger & Brown, 1958). 

The increased enzyme activity observed in these 
experiments can account only partially for the 
ability of R. spheroides to form photopigments 
under the appropriate conditions. The synthesis of 
carotenoids as well as the formation of the phytol 
moiety of bacteriochlorophyll must be considered. 
It seems likely that these substances have a 
common origin, but as yet there is no information 
on the early stages of their synthesis by photo- 
synthetic bacteria. Also, the formation of chro- 
matophores, the submicroscopic units to which the 
photopigments are bound in these organisms 
(Schachman, Pardee & Stanier, 1952), may play an 
important part in the adaptation process. The fact 
that synthesis of bacteriochlorophyll by suspen- 
sions of R. spheroides requires the presence of a 
nitrogen source (in addition to glycine) and is in- 
hibited by compounds which interfere with protein 
formation suggests that synthesis of both pigment 
and protein are closely interwoven. 

Oxygen influences the formation of pyrrole 
pigments in many organisms. The level of cyto- 
chromes increases with diminishing partial pressures 
of O, in cultures of pseudomonads (Lenhoff, 
Nicholas & Kaplan, 1956; Rosenberger & Kogut, 
1958) and in Aerobacter aerogenes (Moss, 1956). 
Similar effects have been found in animals. For 
instance, some invertebrates synthesize more 
haemoglobin under conditions of low aeration than 
they do in a highly aerobic environment (Fox, 
1955). The regulatory mechanisms operating in 
photosynthetic bacteria may be similar to those 
concerned in the formation of pyrroles by other 
organisms. 


SUMMARY 


1. Rhodopseudomonas spheroides when grown 
aerobically in the dark forms only traces of bacterio- 
chlorophyll. Suspensions of such organisms syn- 
thesize bacteriochlorophyll when incubated in the 
dark under a low partial pressure of oxygen in a 
mixture containing salts, glycine, «-oxoglutarate 
and fumarate. The rate of synthesis and the total 
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amount of bacteriochlorophyll formed are _ in- 
creased by subsequent incubation of the suspen- 
sions under anaerobic conditions in the light. 


2. Iron is necessary for maximum synthesis of 


bacteriochlorophyll; in its absence coproporphyrin 
ILI accumulates. 

3. Synthesis of bacteriochlorophyll by the sus- 
pensions in the dark under a low partial pressure of 
oxygen or on subsequent transfer to anaerobic 
conditions in the light is inhibited by chloram- 
phenicol, p-fluorophenylalanine and 8-azaguanine. 

4. Enzyme activities were assayed in cell-free 
extracts prepared at various stages during adapta- 
tion of the suspensions to form bacteriochlorophyll. 
There is a four- to five-fold increase in the activity 
of the system responsible for synthesis of 5-amino- 
laevulic acid from glycine and succinyl-coenzyme 
A during adaptation, and the §-aminolaevulic acid 
dehydrase activity also increases. The succinic 
thiokinase and succinyl-coenzyme A deacylase 
activities remain unchanged and succinic dehydro- 
genase and succinoxidase decrease slightly. 

5. The $-aminolaevulic acid synthesis system 
and the 5-aminolaevulic acid dehydrase in extracts 
prepared from organisms harvested after anaerobic 
growth in the light are 4-5 times as active as in 
extracts from organisms grown aerobically in the 
dark. 

6. The level of activity of enzymes concerned in 
the initial stages of pyrrole synthesis may in- 
fluence the ability of Rhodopseudomonas spheroides 
to become adapted to form bacteriochlorophyll. 


It is a pleasure to thank Professor D. D. Woods, F.R.S., 
for his interest and encouragement in this work. 
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Little success has so far attended the many 
attempts to establish the activation or inactivation 
of an enzyme as an early step in the consequences 
of exposure in vivo to ionizing radiation. This may 
be due to the fact that attention has been focused 
mainly on the cytoplasm or the whole tissue. It 
occurred to us therefore that, since nuclear func- 
tion is markedly disturbed, a comparison of the 
enzymic complement of the nucleus in radio- 
sensitive (i.e. those tissues which show early 
histological degeneration after exposure to sub- 
lethal irradiation) and non-sensitive tissues might 
provide a clue to the primary biochemical lesion. 

About thirty nuclear enzymes have been de- 
scribed but, of those we have so far examined, only 
one system differentiates between the two kinds of 
tissue. This system is the one discovered by Osawa, 
Allfrey & Mirsky (1957), who showed that, in calf 
thymus, adenine, guanine and uridine mono- 
nucleotides were bound to the nucleus and that 
when the isolated nuclei were shaken aerobically 
in a sucrose medium at 0° these mononucleotides 
were phosphorylated to the corresponding tri- 
phosphates. We have found that nuclear genera- 
tion of labile phosphate takes place in other radio- 
sensitive tissues, but not in the non-sensitive ones, 
and is adversely affected by irradiation either in 
vivo or in vitro. A preliminary account of these 
findings has already been reported (Creasey & 
Stocken, 1958). 


EXPERIMENTAL 


Materials and methods 

Preparation of nuclear suspensions. Three different media 
have been used for the isolation and. incubation of nuclei, 
the choice depending mainly on the appearance of the 
preparation under phase-contrast microscopy. The criteria 
were an absence of granularity in the nucleus, no adherent 
material and only trivial contamination with whole cells. 
Medium A: 0-25m-sucrose, 3-3 mm-Ca( 1,, 5 mm-triethanol- 
amine hydrochloride adjusted with NaOH to give a pH of 
7-1 (Allfrey, Mirsky & Osawa, 1957). Medium B: the same 
as A except that the CaCl, concentration was 1-8 mm 
(Hogeboom, Schneider & Striebich, 1952). The addition of 
triethanolamine buffer to A and B was a modification of 
the original formulae. Medium C: 45 mm-glucose, 85 mm- 
KCl, 8-5 mm-NaCl, 2:5 mm-CaCl,, 2-5 mm-MgCl,, 5 mm- 


triethanolamine hydrochloride adjusted to pH 7-2 with 
KOH (Barnes, Esnouf & Stocken, 1956). 

Homogenizers of the Philpot & Stanier (1956) pattern 
were employed and appropriate differences between the 
diameters of the plunger and tube discovered for each 
tissue. Liver and brain required 0-004 in., spleen, lymph 
node, intestinal mucosa, thymus gland and pancreas 
0-003 in. and bone marrow and kidney 0-002in. Con- 
nective tissue was removed from liver, kidney, brain, 
thymus, spleen and pancreas by means of a preliminary 
extrusion through a stainless-steel mincer similar to that 
supplied by Broyeur de Fischer & Main, Jouan, Paris. One 
part of tissue was homogenized in four parts of medium 
and the suspension filtered through fine nylon cloth. The 
filtrate was diluted twenty-fold and then centrifuged in a 
Baro-Gyro centrifuge by a rapid acceleration to 3600g¢ 
(40 sec.), followed by an equally rapid arrest. The nuclear 
sediment was transferred to a homogenizing tube, resus- 
pended in 10-20 parts of medium by means of a plunger 
with a diameter 0-01 in. less than the tube and centrifuged 
as before and the process repeated if necessary. The nuclei 
were suspended finally in 7 ml. of the medium. All opera- 
tions were conducted in the cold room at 0-2°. 

Blood cells were removed from liver preparations by 
perfusion of the organ in situ (Hogeboom et al. 1952) first 
with normal saline (aq. 0-9% NaCl) at room temperature 
and then with ice-cold medium B. From spleen the eryth- 
rocytes were removed by a modification in the method of 
centrifuging; the spleen homogenate was filtered and the 
filtrate diluted with two volumes of medium and spun at 
a mean force of 440g for 2 min. in the Model 2 G.E.C. 
International Centrifuge. The overall time from start to 
rest was 3 min. or slightly less. In these circumstances the 
majority of the red cells remained in the supernatant and 
complete separation was effected by resuspending and 
spinning twice more. This process also gave satisfactory 
results with the other tissues, but in general we employed 
the first method because of the saving in time. 

Bone marrow was obtained from the long bones. The 
ends of the bones were sawn off, a close-fitting hypodermic 
needle was inserted into the cavity and the marrow ejected 
into ice-cold medium by means of compressed air. 

The ‘intestinal mucosa’ used in these experiments was 
the material obtained by scraping the wall of the small 
intestine after it had been washed out with water. Lymph 
nodes were taken randomly from the cervical, lumbar and 
inguinal regions, and no experiments with nodes of a 
particular location were undertaken. 

Incubation and assay of labile phosphate. A sample (3 ml.) 
of the nuclear suspension was pipetted into 1 ml. of 
2m-HClO, and the remainder shaken gently in a 50 ml. 
conical flask at 0-2° for a convenient time. This was 
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Table 1. 
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Rate of formation of labile phosphate in nuclear suspensions shaken aerobically at 0° 


° ° ° ° oie . : ‘ i 
All tissues except liver and brain were prepared in 0-25m-sucrose, 3-3 mm-CaCl,, 5 mm-triethanolamine hydrochloride 
buffer (pH 7-1). For liver and brain the CaCl, concentration was 1-8 mm. The formation of labile phosphate was measured 
over 5-10 min. for bone marrow and 30-40 min. for other tissues. 


No. of 
Tissue experiments 
Spleen 11 
Thymus gland 8 
Lymph node 6 
Bone marrow 6 
‘Intestinal mucosa’ 3 
Liver 6 
Kidney 2 
Brain 4 
Pancreas 2 


Rate of formation 
of labile phosphate 
(ug. of P/min./mg. of 


DNA phosphorus) Range of rates 


0-71+0-024 0-57-0-73 
0-31 +0-028 0-23-0:37 
1-83 +0-18 1-3-2-4 
8-04+1-13 5-8-10-4 
0-31 0-21-0-37 
0 os 

0 = 

0 so 

0 = 





usually 30-40 min. except with bone marrow, when 
5-10 min. was sufficient. At the end of the incubation 
period a second 3 ml. sample was precipitated with 1 ml. of 
2m-HClO, and the remainder used for estimating deoxy- 
ribonucleic acid (DNA) and microscopical examination. 
The HClO, extracts were centrifuged, the residues extracted 
twice with 2 ml. of 0-5mM-HCIO, and the combined super- 
natants made up to 10 ml. Samples of 4 ml. were taken for 
analysis. Acid-labile phosphate was obtained before and 
after incubation from the difference between the values of 
inorganic phosphate in the original samples and those 
which had been heated with 1 ml. of 5n-HCl at 100° for 
10min. Inorganic phosphate was determined by the 
method of Berenblum & Chain (1938). 

Animals. Male and female animals of the laboratory 
strain of Wistar rats (wt. 80-120 g.) were used. They were 
decapitated and the organs rapidly removed and placed in 
ice-cold medium. 

Irradiation. X-radiation was carried out in vivo at the 
M.R.C. Radiobiological Research Unit, Harwell. The 
characteristics of the radiation were: half-value layer 
1-2mm. Cu, peak voltage 250kv at 14ma. The rats 
received 67 r. of total body radiation/min. Irradiation in 
vitro was effected by means of two 250 mc radium sources. 
The dose rate was either 2-8 or 43-6 r./min. as measured by 
oxidation of FeSO, according to the method of Miller 
(1950). 

Estimation of deoxyribonucleic acid. Burton’s (1956) 
modification of Dische’s (1930) diphenylamine method was 
used. 

Chemicals. The reagents were all of A.R. grade, except 
triethanolamine hydrochloride, which was prepared by 
threefold recrystallization from aqueous ethanol of the 
hydrochloride obtained by neutralizing commercial-grade 
triethanolamine. 


RESULTS 
Nuclie were prepared from thymus gland, lymph 
node, ‘intestinal mucosa’, spleen, bone marrow, 


pancreas and kidney in medium A and from liver 
and brain in medium B. Preliminary experiments 


were carried out with each tissue to ensure not 
only that sufficient labile phosphate was formed 
but that the reaction was stopped before the rate 


Table 2. Inhibition of the formation of labile phos- 
phate in nuclei isolated from tissues of rats exposed 
to whole-body X-irradiation 1 hr. previously 


Rate of phésphorylation for various 
doses of X-irradiation as 
percentage of control values 
anna, 


Dose 25 r. 50 r. 100 r. 
Tissue 
Spleen 18, 30 0, 0, 0 0, 0, 0 
Thymus gland 45, 77 14, 23 0, 0, 0, 0, 0 
Bone marrow 0, 0 0 0 
Lymph node 0, 6 0 0 


of phosphorylation ceased to be linear. Because the 
quantity of material used was small it was im- 
practicable to identify the sources of labile phos- 
phate and the results are therefore presented as an 
amount of phosphate liberated in 10 min. at 100° 
in acid solution. The values (Table 1) sharply 


differentiate the radio-sensitive from the non- 


1959 | 
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sensitive tissues, since only in the former group is | 


there an increase in labile phosphate. 

The next step in the investigation was to ascer- 
tain whether this phosphorylation system was 
affected by ionizing radiation. We _ therefore 
irradiated rats with varying doses of total body 
radiation and killed them 1 hr. later. Similar rats 
were treated in the same way, except for the 
irradiation, and were used at the same time for 


control values. Low doses produce a very marked | 


inhibition and complete suppression of phosphoryl- 


ation results from exposure to 100 r. (Table 2). 
Although 1 hr. is a comparatively short time 
after irradiation in which to any bio- 
chemical change it was important to know whether 
this was an immediate rather than a delayed effect. 
Experiments were therefore carried out with spleen 
and thymus to discover whether the phosphoryl- 
ating ability was retained in, spleen and thymus 
the organs had been stored in ice-cold 
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medium. This was necessary since 45 min. was 
required to transport the animals from the X-ray 
machine at Harwell to the laboratory in Oxford. 
The rate of phosphorylation was unchanged in the 
nuclei from thymus kept for 1 hr., but from spleen 
it was reduced almost to zero. Rats were therefore 
exposed to 100 r. and killed within 3—5 min., and 
the thymus glands placed in semi-frozen medium A. 
One hour later nuclei were isolated from these and 
control glands which had been obtained at the 
same time and similarly treated. The nuclei from 
the irradiated rats were completely ineffective, 
whereas the’ control specimens had unimpaired 
phosphorylating ability. When the X-ray dose was 
reduced to 50r. the rates of phosphorylation in 
two experiments were reduced to 18 and 45% of 
the control values. These results clearly indicate 
that the response is immediate and can be com- 
pared with the block in the synthesis of DNA 
which has also been found at 3-5 min. post- 
irradiation (Ord & Stocken, 1956). 

Since the inhibition of nuclear phosphorylation 
was complete after exposure to 100r. of total 
body irradiation it was of interest to follow the 
rate at which the recovery occurred. Spleen and 
thymus were chosen as test systems and it was 
found (Fig. 1) that in thymus recovery began at 
about 60 hr. and was approaching normal values by 
100 hr. In spleen (Fig. 2) there was an over- 
compensation which also returned to normal at 
about 100 hr. When a lethal dose of 1000 r. was 
given there was no recovery at any time before 
death. 

Experiments were also carried out in vitro to 
eliminate the possibility that the inhibition of 
phosphorylation was an abscopal effect (Mole, 
1953) and not due to a direct action on the nucleus. 
Nuclei were isolated from spleen and thymus gland 
in medium A and part of the preparation was 
exposed at 0° to y-rays from a radium source. The 
irradiated and control samples were then shaken in 
air in the usual way and the inhibition was ob- 
tained by direct comparison. The system is rather 
more sensitive in vitro than in vivo (Table 3), but in 
view of the absence of any protection which might 
be afforded by the natural environment this is 
perhaps not surprising. 

Because of the interest in protection against 
exposure to ionizing radiation some preliminary 
experiments have been carried out with cysteamine 
(Bacq et al. 1951). Groups of rats were given doses 
of 150 mg. of neutralized cysteamine hydrochloride/ 
kg. by intramuscular injection 5 min. before 
exposure to 100r. of total body irradiation. At 
1 and 48 hr. after irradiation, when the control 
values were still zero, the thymus nuclei isolated in 
medium C from the cysteamine-treated rats gave 
10 and 90 % respectively of normal values. 


RADIO-SENSITIVITY AND NUCLEAR PHOSPHORYLATION 
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We have also attempted to use cysteamine as a 
protective agent in vitro, but unfortunately the 
phosphorylation system is inhibited by the concen- 
trations which give satisfactory results in vivo. 
Low concentrations of sulphydryl groups (e.g. 
5yg-/ml.) are difficult to maintain in aqueous 
solution at physiological pH and we have not yet 
been able to demonstrate any protection either by 
glutathione or cysteamine. Some _ protection, 
however, is afforded by anaerobiosis. If a suspen- 
sion of thymus nuclei is exposed to 48 r. in the 
absence of oxygen and then shaken aerobically, the 
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Fig. 1. Recovery of nuclear phosphorylation in the thymus 
gland of the rat after 100 r. of total-body radiation. The 
region within the parallel lines represents the mean of 
the control values with its standard error. 
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Fig. 2. Recovery of nuclear phosphorylation in rat spleen 


after 100 r. of total-body radiation. The region within 
the parallel lines represents the mean of the control 
rates with its standard error. 


Table 3. Effect of y-irradiation in vitro on the 
formation of labile phosphate in nuclear suspensions 


Rate of 


Radiation phosphorylation 
dose as percentage of 
Tissue (r.) control values 

Thymus gland 22 70, 68, 64 

30 40 

44 0, 0, 0, 0 
Spleen 22 0, 7, 26 

44 0, 0 
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rate of phosphorylation is about 20% of the corre- 
sponding non-irradiated controls. This dose of 
y-radiation given aerobically is sufficient to sup- 
press completely the conversion of the mono- 
nucleotides into the triphosphates. 


DISCUSSION 


The characteristic features of phosphorylation of 
the nucleotides bound to nuclei prepared from calf- 
thymus gland have been thoroughly investigated 
and discussed by Osawa et al. (1957). We have 
repeated their experiments with rat instead of calf 
thymus and, except that we have been able to 
prepare active nuclei in a medium which does not 
contain sucrose, our results agree with theirs. We 
have shown that nuclear phosphorylation is not 
restricted to thymus but is demonstrable in spleen, 
intestinal mucosa, bone marrow and lymph node. 
No phosphorylation could be detected in brain, 
kidney, liver or pancreas and since we failed to 
obtain a satisfactory preparation from testis and 
heart muscle we were unable to investigate these 
two sources. Neither have we been able to demon- 
strate nuclear phosphorylation in regenerating 
liver, but the explanation for this may reside in the 
differences in enzyme complement, e.g. regenerat- 
ing liver has ten times the morganic pyrophos- 
phatase activity of thymus nuclei. 

The results provide a clear separation of the 
radio-sensitive from the non-sensitive tissues. They 
also show that nuclear phosphorylation is abolished 
by low doses of radiation given either in vivo or in 
vitro. Some of the difficulties in the mode of ex- 
pression of the results have been avoided by 
reference to the DNA content of the preparation; 
but because the heterogeneity of the cell popula- 
tion varies with different tissues and because the 
preparations may be contaminated with meta- 
bolically inert nuclei, it cannot be claimed that the 
results either indicate an order of radio-sensitivity 
or allow a direct comparison between the various 
organs. One further problem of interpretation 
could arise if any cell migration had occurred after 
irradiation and before the tissues were taken for 
testing, but in the experiments described here we 
have no reason to suppose that this is a complicat- 
ing factor. 

With these reservations, the effects of ionizing 
radiation on mitochondrial and nuclear phos- 
phorylation may be compared. Osawa et al. (1957) 
showed that the effects of metabolic inhibitors on 
the twa systems were not identical, and it is clear 
that a similar situation exists for the radiation 
response. - It was first observed by Potter & Bethel 
(1952) that mitochondria isolated from spleens of 
rats which had been exposed to 8C00r. lLhr. 
previously had a reduced capacity to couple 


oxidation and phosphorylation. This finding has 
been confirmed and extended in mice by Ashwell & 
Hickman (1952) and in rats by van Bekkum, 
Jongepier, Nieuwerkerk & Cohen (1953). van 
Bekkum (1956) has also reported that phosphoryl- 
ation is uncoupled in mitochondria from thymus 
but not from liver or regenerating liver, even when 
the dose is several thousand roentgens. Although 
in spleen and thymus a rather high dose is required 
to elicit an immediate mitochondrial response, it 
might be worth while extending these observations 
to a more complete range of tissues to see whether 
there is parallelism in susceptibility with the 
nuclear lesion. In addition to mitochondria re- 
quiring much greater doses than the nuclei to 
produce damage it appears that they also require 
time for development of the maximum effect. 
Experiments carried out in vitro differentiate even 
more sharply the mitochondrial and nuclear 
systems. Potter & Bethel (1952) exposed spleen 
mitochondria to 2000r. at 2°, Ord & Stocken 
(1955a) gave 1000r. to spleen mitochondria 
respiring at 38°, and van Bekkum (1956) gave as 
much as 20 000 r. without any effect on oxidative 
phosphorylation. 

The evidence suggests that the mitochondrial 
defect becomes important only when near-lethal 
doses of whole-body radiation have been received, 
and supports the earlier ideas which have stressed 
the importance of the cytoplasm in radiation 
damage (Trowell, 1955, 1958; Ord & Stocken, 
19556, 1958; Schjeide, Mead. & Myers, 1956), 

The part played by nuclear phosphorylation in 
the economy of the cell cannot yet be completely 
defined, but it is known from the work of Osawa 
et al. (1957) and Allfrey et al. (1957) that most of 
the chemical reagents which uncouple phosphoryl- 
ation inhibit the incorporation of alanine into 
nuclear protein and that loss of the nucleotides 
bound to the nucleus results in a failure of protein 
synthesis. More recently it has been suggested that 
nuclear phosphorylation may also be involved in 
the processes leading to the formation of DNA 
(Ord & Stocken, 1958). It is now well established 
that the synthesis of DNA is restricted to a limited 
period of the life cycle of the dividing cell (Howard 
& Pele, 1953; Lajtha, Oliver, Kumatori & Ellis, 
1958) and that the formation of DNA as measured 
by isotope incorporation is more readily inhibited 
in the pre-synthetic (G,) period than in the syn- 
thetic (S) period itself (Howard & Pele, 1953; 
Kelly, 1954; Holmes & Mee, 1954; Lajtha et al. 
1958). Low doses of radiation given in the G, 
period delay the onset of DNA synthesis and 
mitosis, and it may be that the bound phosphory]l- 
ated nucleotides are essential for the formation or 
alignment of an activated complex within the 
nucleus, When the preliminaries are completed, 
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only high doses of radiation, which probably inter- 
fere with the template itself, can prevent the final 
condensation of the deoxynucleotides on the 
template. The biochemistry of the premitotic (Gg) 
phase is unknown and its radio-sensitivity is still 
being explored; it is therefore not possible to 
implicate nuclear phosphorylation in this stage of 
the mitotic cycle. 

Nuclear phosphorylation appears to be a sensitive 
index of radiation damage, but as we have detected 
a loss of catalase from thymus nuclei at the same 
dose level it is possible that other biochemical 
lesions will be found. 


SUMMARY 


1. When nuclei prepared from spleen, thymus 
gland, lymph node, bone marrow and intestinal 
mucosa of the rat are shaken aerobically at 0° in a 
suitable medium, acid-labile phosphate is formed. 
This is not so for the radio-insensitive tissues- 
brain, liver, kidney and pancreas. 

2. Low doses of whole body 
abolish the nuclear phosphorylation. 

3. Low doses of y-irradiation given to suspen- 
sions of nuclei also prevent nuclear phosphoryl- 
ation. 

4. In spleen and thymus there is a recovery of 
the ability to effect nuclear phosphorylation at 
about 100 hr. after 100 r. of total-body radiation. 

5. The possible significance of the observations 
in relation to the radio-biological lesion is discussed. 


X-irradiation 


We are indebted to Professor B. Bleaney for permitting 
the loan of the radium sources and to Mr M. J. Corp of the 
Medical Research Council Radiobiological Research Unit, 
Harwell, for irradiation of the animals. We are grateful to 
the Medical Research Council for a Training Scholarship to 
one of us (W.A.C.) and to the Rockefeller Foundation for 
grants towards the cost of apparatus. 
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Definitions have been proposed which describe the 
Pasteur effect in terms of the rate of either carbo- 
hydrate utilization or formation of fermentation 
end products (Dixon, 1937; Burk, 1939; Turner, 
1951). Meyerhof & Fiala (1950) defined the 
Pasteur effect more specifically as ‘the strictly 
reversible and non-progressive inhibition produced 
in air or oxygen on the steady rate of glycolysis’, 
and this definition has been adopted in the present 
investigation. The term ‘glycolysis’ is used for the 
breakdown of carbohydrate to pyruvic acid by the 
Embden—Meyerhof—Parnas pathway irrespective of 
the subsequent fate of pyruvic acid. 

Lipmann (1933, 1934) observed a Pasteur effect 
in yeast and muscle extracts on the addition of 
indophenols which probably induced the oxidative 
inactivation of a glycolytic enzyme. Lipmann 
(1942) suggested that the enzyme involved was gly- 
ceraldehyde 3-phosphate dehydrogenase. Recently, 
cell-free preparations which show a Pasteur effect 
without the addition of redox dyes have been 
obtained from yeast (Meyerhof & Fiala, 1950) and 
animal tissues (Terner, 1954, 1956; Gatt, Krimsky 
& Racker, 1956; Gatt, 1957; Aisenberg, Reinafarje 
& Potter, 1957); in these extracts the simultaneous 
operation of aerobic respiratory processes was 
necessary for the inhibition of glycolysis. 

Evidence was obtained for the operation of a 
glycolytic system during sucrose synthesis from 
glucose 1-phosphate and fructose by pea extracts 
(Turner, 1954, 1957). It was subsequently con- 
firmed (Hatch & Turner, 1958) that a complete 
glycolytic system of the Embden—Meyerhof— 
Parnas type was present. Turner & Mapson (1958) 
found that the glycolytic activity (as judged by 
esterification of inorganic phosphate, utilization of 
hexose and production of carbon dioxide) was 
higher under anaerobic than under aerobic condi- 
tions. A barely significant oxygen uptake by the 
enzyme digests in air indicated that oxidative 
respiratory processes were not proceeding to an 
appreciable extent. It was suggested that the 


effect of oxygen on the enzyme digests might be 
analogous with the Pasteur effect and that ‘oxygen 
inhibited glycolysis in the pea-seed extract by 
inactivating one of the glycolytic enzymes. 


These observations have been extended in the 
present investigation. The effects of various con- 
ditions on the reversible aerobic inhibition of 
glycolysis by the pea-seed extract were studied. 
The results indicated that the effect of oxygen was 
due to inhibition of glyceraldehyde 3-phosphate 
dehydrogenase. The possible relationship of the 
observations to the Pasteur effect is discussed. 


tX PERIMENTAL 
Preparation of pea-seed extracts 


The preparation of the crude and partially purified pea 
extracts followed the method previously described (Turner, 
1957) except that the dialysis was carried out against 
0-025m-phosphate buffer (KH,PO,-Na,HPO,) at pH 6:5. 
The partially purified extract contained approx. 45 mg. of 
protein/ml. 

Materials 


Glucose, fructose, adenosine triphosphate (ATP). 
diphosphopyridine nucleotide (DPN), glucose 6-phosphate 
(G6-P) and 3-phosphoglyceric acid (3-PGA) were com- 
mercial products as described previously (Hatch & Turner, 
1958). Reduced diphosphopyridine nucleotide (DPNH) 
and crystalline glyceraldehyde 3-phosphate dehydrogenase 
were obtained from C. F. Boehringer und Soehne, Mann- 
heim, Germany, reduced glutathione (GSH), cysteine 
hydrochloride and pi-glyceraldehyde from L. Light and Co. 
Ltd., and p-chloromercuribenzoate from Sigma Chemical 
Co., St. Louis, Mo., U.S.A. 

Fructose 6-phosphate (F 6-P) and fructose 1:6-diphos- 
phate (FDP) were prepared by the methods of Neuberg, 
Lustig & Rothenberg (1943) and Neuberg & Lustig (1942) 
respectively. Glucose 1-phosphate (G1-P) was prepared 
by an unpublished method of Professor C. S. Hanes and 
Dr R. Hill. The yeast-nucleotide fraction was obtained as 
described by Turner (1954, 1957). Solutions of G 1-P, 
G6-P, F6-P, FDP and 3-PGA were standardized as 
described previously (Hatch & Turner, 1958). 


Analytical methods 


Estimation of sugars. Trichloroacetic acid extracts of the 
enzyme digests were applied to chromatographic papers, 
which were developed with the propan-1l-ol—water—aq. 
NH, soln. (16:3:1, by vol.) solvent of Turner (1953). 
Glucose, fructose and sucrose on the chromatograms were 
detected and estimated by the method of Turner, Turner & 
Lee (1957). 
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Estimation of total and inorganic phosphate. These com- 
ponents were determined by the method of Allen (1940) 


with the modification of Turner (1957) for the estimation of 


inorganic phosphate. 

Aldolase and triose phosphate isomerase activity. The 
method of Stumpf (1948) was used to assay aldolase. 'Triose 
phosphate isomerase activity was detected by measuring 
the ratio of the individual triose phosphates formed from 
FDP (Stumpf, 1948).- 

Alcohol dehydrogenase activity. Alcohol dehydrogenase in 
pea-seed extracts was assayed as described by Racker 
(1950). 

Glyceraldehyde 3-phosphate dehydrogenase activity. The 
crystalline preparation was assayed by measuring the rate 
of reduction of DPN in the presence of varying concen- 
trations of pL-glyceraldehyde as substrate. Maximum 
activity was determined from a Lineweaver—Burk plot 
(Lineweaver & Burk, 1934) of these results and was used to 
calculate the potential activity of the enzyme with glycer- 
aldehyde 3-phosphate as substrate (Segal & Boyer, 1953). 
The protein content of the glyceraldehyde 3-phosphate 
dehydrogenase preparation was determined 
extinction at 276 my (Cori, Slein & Cori, 1948). 

Glyceraldehyde 3-phosphate dehydrogenase activity in 
the pea-seed extracts was determined by the method of 
Warburg & Christian (1939), except that orthophosphate 
buffer (pH 7-0) was used instead of pyrophosphate buffer 
(pH 8-6). Fluoride was added to the assay system to 
prevent breakdown of 3-PGA. No additional aldolase was 
added as this enzyme was present in excess in the pea-seed 
extract. As DPN reduction was completely dependent 
upon the presence of arsenate it was concluded that other 
aldehyde dehydrogenases present in the pea-seed extracts 
did not interfere in this assay. 

Determination of protein. The protein content of the pea- 
seed extracts was estimated by the spectrophotometric 
method of Warburg & Christian (1941). 

Assay of protein sulphydryl groups. Protein SH groups 
were determined by amperometric titration with AgNO, 
(Weissman, Schoenbach & Armistead, 1950). The specificity 
of the method for SH groups was confirmed by titration of 
control samples to which excess of p-chloromercuribenzoate 
had been added (Benesch & Benesch, 1945). Preliminary 
experiments showed that after precipitation of protein 
from the enzyme digests with trichloroacetic acid approxi- 
mately 2% only of the total SH-group content remained in 
the extract; the total SH of the extract is therefore taken as 
being approximately equivalent to protein SH. 

Determination of ethanol. Samples of the enzyme digests 
were distilled and ethanol in the distillate was estimated by 
the method of Peel (1951). 


from the 


Enzyme digests 


Reaction mixtures were incubated at 30° in Warburg 
manometers and anaerobic conditions were established by 
gassing with commercial O,-free N,; O,-N, gas mixtures 
used were commercial 
activity was determined by measuring the rate of CO, 
production or hexose utilization (Hatch & Turner, 1958). 
A factor was applied for retention of CO, in the liquid phase 
(pH 6-5) (Umbreit, Burris & Stauffer, 1951). Toluene 
(0-05 ml.) was added to all enzyme digests where the rate of 
glycolysis was studied. This amount of toluene was 
sufficient to ensure that liquid toluene remained in the 


also preparations. Glycolytic 
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enzyme digests at the conclusion of the experiments. This, 
together with the observation that the rates of production 
of CO, and ethanol were approximately constant during the 
experiments reported, indicated that bacterial contamina- 
tion was not a significant factor. 
inactivated by the addition of trichloroacetic acid to give 
a final concentration of 7% (w/v). 


Digest samples were 


RESULTS 


Aerobic inhibition of glycolysis by the 
crude pea extract 


Previous experiments (Hatch & Turner, 1958) 
showed that the crude pea extract contained a 
glycolytic system. In the present investigation it 
was found that in the presence of oxygen glycolysis 
was inhibited. Both carbohydrate loss and CO, 
production in digests containing the crude pea 
extract were decreased under aerobic conditions 
(Table 1). 
experiments (Turner, 1953) and a correction was 


Some sucrose was formed in these 
applied. Less inorganic phosphate was esterified in 
air than in N,. 

The crude pea extract contained endogenous 
substrates and cofactors; for subsequent experi- 


ments the partially purified pea extract was used. 


Aerobic inhibition of glycolysis by the 
partially purified pea extract 


Glycolytic activity of the partially purified pea 
extract was restored by the addition of Mg?* ions 
and a yeast-nucleotide fraction (Turner, 1954, 
1957; Hatch & Turner, 1958). In the presence of 
a small amount of yeast-nucleotide fraction, oxygen 
inhibited glycolysis of glucose 1-phosphate plus 
fructose (Fig. 1); but when the amount of yeast- 
nucleotide fraction added this 
inhibition was not observed. 

A-mixture of ATP and DPN replaced the yeast- 
nucleotide fraction in glycolysis. Although varia- 
tion in ATP concentration had little effect, 


was increased, 


Table 1. Aerobic inhibition of glycolysis 
in the crude pea-seed extract 


Additions to 0-8 ml. of the crude pea extract were: 
Na,HPO,-KH,PO, buffer (pH 6-5), 36ymoles; MgCl, 
18 umoles; fructose, 84moles. Total volume was 2 ml. 
Incubation time was 19 hr. Results are expressed as the 
change in the total reaction mixture. 


Change in co, Change in 
Gas carbohydrate* produced ester phosphate 
phase (umoles) (umoles) (umoles) 
Air 4 20 2-5 
N; 17 39 5:5 


* Expressed as pmoles of hexose equivalents and deter- 
mined from the net changes in glucose, fructose and 


sucrose. 
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reduction of the DPN concentration below approxi- 
mately 100 .m produced a decrease in the rate of 
aerobic glycolysis (Table 2). With 15ym-DPN, 
aerobic conditions inhibited glycolysis by over 
90%. Oxygen consumption by the aerobic enzyme 


800 - 


CO? production (yl./digest) 





Time (hr.) 


Fig. 1. Effect of yeast-nucleotide fraction concentration 
on the aerobic inhibition of glycolysis. Reaction 
mixtures contained: partially purified pea extract, 1 ml.; 
Na,HPO,-KH,PO, buffer (pH 7-0), 25 umoles; fructose, 
44umoles; G1-P, 22yumoles; MgCl,, 18umoles; yeast 
nucleotide. Total volume was 1-8ml. O, Contain 
3-5 mg. of yeast nucleotide; A, contain 0-7 mg. of yeast 
nucleotide; @, O, uptake (on same scale) of aerobic 
digest containing 3-5 mg. of yeast-nucleotide fraction. 


Table 2. Effect of adenosine triphosphate and di- 
phosphopyridine nucleotide concentration on the 
aerobic inhibition of glycolysis 


Reaction mixtures contained: Na,HPO,-KH,PO, buffer 
(pH 6-5), 25 umoles; fructose, 44 wmoles; G 1-P, 22 wmoles; 
MgCl,, 18umoles; ATP and DPN as indicated. Expt. 1 
contained partially purified pea extract (1-3 ml.) and ATP 
(80pm); total volume was 2-3ml. Expt. 2 contained 
partially purified pea extract (1-0 ml.) and DPN (40pm); 
total volume was 1-8 ml. 

Glycolytic activity 
Conen. (uM) of (ul. of CO,/hr./digest) 


DPN ATP Air N; 

Expt. 1 780 80 110 116 
310 80 112 114 

62 80 94 118 

31 80 18 114 

15 80 8 117 

Expt. 2 40 400 56 95 
40 20 54 90 


40 4 49 94 
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digests was less than 2 % of the rate of anaerobic CO, 
production. In separate experiments it was found 
that change of the gas phase of enzyme digests to 
air or O,, after maximum-rate anaerobic glycolysis 
had been attained, also inhibited glycolysis. 

The concentration of DPN also affected the 
utilization of glucose and formation of ethanol and 
inorganic phosphate during aerobic glycolysis. The 
changes in these constituents and in CO, production 
at two concentrations of DPN in air and N, are 
shown in Table 3. At a DPN concentration which 
gave inhibition of CO, production in air, both 
glucose utilization and ethanol production were 
also inhibited, and more inorganic phosphate was 
released. At a higher DPN concentration (350 um) 
there was little difference in these components 
under aerobic and anaerobic conditions. 


Reversal of the aerobic inhibition of glycolysis 

Aerobic inhibition of glycolysis was reversed by 
removing O, from the system or by increasing the 
DPN level. In the experiment illustrated in Fig. 2, 
enzyme digests which had been incubated in air 
were flushed with N, or additional DPN was added. 
After each treatment the rate of glycolysis ap- 
proached that of the anaerobic control. 


800 


600 


400 


CO, production (yl./digest) 


200 


Additions 





Time (hr.) 

Fig. 2. Reversal of aerobic inhibition of glycolysis by the 
removal of air or the addition of DPN. Control reaction 
mixtures contained: partially purified pea extract, 
1 ml.; Na,HPO,-KH,PO, buffer (pH 6-5), 25 moles; 
fructose, 44 zmoles; G 1-P, 22 umoles; MgCl,, 18 pmoles; 
ATP, 0-2mm; DPN, 8yum. Total volume was 1-8 ml. 
Added DPN increased the total concentration to 
0-4mm. ©, Anaerobic control; A, aerobic control; 
A, reaction mixtures treated as shown to reverse 
aerobic inhibition. 
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The inhibition in air was also reversed by cysteine 
or GSH (Fig. 3). Both these compounds in low 
concentration (mM) increased aerobic glycolysis to 
a rate approaching that of the control in N,. The 
addition of GSH to aerobic enzyme digests at the 
beginning of the experiment largely prevented the 
aerobic inhibition. 


Effect of oxygen on the inhibition of glycolysis 

The partial pressure of O, in the atmosphere 
above the enzyme digests had a marked effect on 
glycolytic activity. The inhibition of glycolysis by 
mixtures of O, and N, containing between 0 and 
100 % of O, at several DPN concentrations is shown 
in Fig. 4. Increasing the proportion of O, from 0 to 
100% decreased glycolytic activity in all cases 
although increase of DPN concentration exerted 
a protective effect. 


600 


500 


400 


300 


200 


CO} production (l./digest) 





Time (hr.) 


Fig. 3. Reversal of aerobic inhibition of glycolysis by the 
addition of GSH or cysteine. Control reaction mixtures 
were of the composition described in Fig. 2. Cysteine 
and GSH were added as shown to give a final concentra- 
tion of mm. O, Anaerobic; A, aerobic. 


No significant inhibition of 
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glycolysis was observed with gas mixtures con- 
taining less than 2% of O, even at DPN concen- 
trations barely optimum for anaerobic glycolytic 
activity. 


Localization of the oxygen-sensitive step 


Effect of aerobic conditions on the utilization of 
glycolytic substrates and intermediates. To determine 
the point of action of O, the effect of aerobic 
conditions on the glycolysis of various substrates 
was studied. The glycolysis of hexose monophos- 
phates and FDP was inhibited in air (Table 4), 
indicating that O, was affecting a step beyond FDP 
in the glycolytic sequence. Under conditions which 
resulted in a 90-95 % inhibition of FDP glycolysis, 
aerobic conditions had no effect on the breakdown 





* 280 pm 


30 


CO, production (yl./hr./digest) 





10 15 
Oxygen (7%) 


20 


Fig. 4. Effect of percentage of O, on glycolytic activity. 


Reaction mixtures contained: partially purified pea 
extract, Iml.; Na,HPO,KH,PO, buffer (pH 6-5), 
25pmoles; fructose, 66umoles; GI1-P, 23 pmoles; 
MgCl,, 18 moles; ATP, 35 mm; DPN concentration as 
shown. Total volume was 2 ml. Glycolytic activity is 
expressed as the average steady rate over a 3 hr. period. 


Table 3. Effect of diphosphopyridine nucleotide concentration on the aerobic inhibition of glucose utilization 
and carbon dioxide and ethanol production 


Reaction mixtures contained: partially purified pea extract, 1 ml.; Na,HPO,-KH,PO, buffer (pH 6-5), 25 umoles ; 
glucose, 22 umoles; FDP, 2:5 moles; MgCl,, 18umoles; ATP, 350um; DPN as indicated. Total volume was 1-8 ml. 
Incubation time was 12 hr. Results are expressed as pmoles per total reaction mixture. 


Conen. Amount of glucose Decrease* 
Gas of DPN — A CO, Ethanol of ester 
phase (uM) Initial Final produced produced phosphate 
Air 350 22-0 9-7 25-0 23°5 0-4 
N2 350 22-0 10-5 26-4 28-0 1-0 
Air 10 22-0 23-0 4:3 5-1 6-0 
N; 10 22-0 11-7 25-8 24-5 1-2 


* Measured as inorganic phosphate released. 
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of 3-PGA. On the basis of these experiments it was 
concluded that O, affected, directly or indirectly, 
one of the enzymes involved in the conversion of 
FDP into 3-PGA. 

Effect of aerobic conditions on the 
individual enzymes. Of the four enzymes involved 
in the conversion of FDP into 3-PGA (namely 
aldolase, triose phosphate isomerase, glyceralde- 
and 3-PGA 
groups of 


activity of 


hyde dehydrogenase 
kinase), the 
glyceraldehyde 


oxidation (Cori et al. 


3-phosphate 
sensitivity of the SH 
3-phosphate dehydrogenase to 
1948) indicated that this 
enzyme was most likely to be the factor affected by 
O,. Attempts to assay glyceraldehyde 3-phosphate 
dehydrogenase in samples from glycolytic digests 
by measuring acid formation from either DL- 
glyceraldehyde or acetaldehyde were unsuccessful 
because other aldehyde dehydrogenases interfered. 
Spectrophotometric methods were also unsatis- 
factory owing to the presence of ethanol and of 
acetaldehyde precursors formed during glycolysis. 
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Fig. 5. Aerobic inactivation of glyceraldehyde 3-phosphate 
dehydrogenase (GPD) in the partially purified pea-seed 
extract. Reaction mixtures contained: partially purified 
pea extract, 1 ml.; Na,HPO,-KH,PO, buffer (pH 6-6), 
25pmoles. Total volume was 3-1ml. Samples were 

removed at the times indicated and GPD activity was 

determined. O, Anaerobic; A, aerobic. 
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It was possible, however, to assay glyceraldehyde 
3-phosphate dehydrogenase activity in pea-seed 
extracts which had been incubated in the absence 
of glycolytic substrates and cofactors. Partially 
purified extracts were incubated with phosphate 
buffer under aerobic and anaerobic conditions and 
glyceraldehyde 3-phosphate dehydrogenase ac- 
tivity was determined. In N, there was little 
change in glyceraldehyde 3-phosphate dehydro- 
genase activity with time, whereas in air the en- 
zyme was inhibited by more than 60 % within 1 hr. 
(Fig. 5). Activity was restored when cysteine was 
added to the assay system. The maximum rate of 
glycolysis observed in enzyme digests 
(with excess of DPN) was equivalent to the reduc- 
tion of 1-8umoles of DPN/g. of protein/min. It 
may be significant that the turnover rate of 
glyceraldehyde 3-phosphate dehydrogenase in the 
pea extracts fell below this rate after a short period 


aerobic 


in air (Fig. 5). 

Indications were obtained that inactivation of 
aldolase and triose phosphate isomerase could not 
account for the aerobic inhibition of glycolysis. 
Enzyme digests containing G1-P plus fructose 
were incubated in air or N, until aerobic inhibition 
was established. Assay of samples of these reaction 
mixtures indicated that aldolase activity was the 
same in air and N,. Analysis of samples from these 
assays showed that the ratio of dihydroxyacetone 
phosphate to glyceraldehyde 3-phosphate was 
always approximately 95:5, indicating that triose 
phosphate isomerase activity was in excess of 
aldolase activity in both aerobic and anaerobic 
experiments. 
eliminates 3-PGA kinase. from the 
yeast glycolytic sequence (Warburg & Christian, 
1939) and this was confirmed for glycolysis by 
pea-seed extracts (Hatch & Turner, 1958). In the 
present investigation the addition of arsenate did 
not prevent the aerobic inhibition of glycolysis. 
This showed that 3-PGA kinase was not the point 
of action of oxygen. 

The effect of O, on the activity of alcohol de- 
hydrogenase in the pea-seed extract was also 
studied since inactivation of this enzyme could 


Arsenate 


Aerobic inhibition of glycolysis of various substrates 


Reaction mixtures contained: partially purified pea extract, 1 ml.; Na,HPO,-KH,PO, buffer (pH 6-5), 25 pmoles; 
MgCl, , 18 pzmoles; ATP, 50 um; substrates and DPN as indicated. Total volume was 1-8 ml. Glycolytic activity is expressed 


as an average of the first 4 hr. of steady-rate activity. 


Amount of 


Expt. substrate 
no. Substrate (umoles) 
1 G1-P 50 
G 6-P 41 
F 6-P 23 









FDP 
3-PGA 


40 


59 






Glycolytic activity 


Conen. (pl. of CO,/hr./digest) 
of DPN —--“*-- 
(uM) Air N, 
8 0 88 
8 4 82 
8 4 76 
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limit the turnover rate of glyceraldehyde 3-phos- 
phate dehydrogenase by lowering the rate of 
DPNH oxidation. After incubation of the partially 
purified extract for 1 hr. in air the activity of the 
enzyme decreased by only 18%. In addition, 
alcohol dehydrogenase activity in the pea-seed 
extracts was 17 times that of glyceraldehyde 3- 
phosphate dehydrogenase when both were ex- 
pressed as pmoles of DPN reduced/g. of protein/ 
min. These indicated that 
dehydrogenase was unlikely to be the factor in- 


observations alcohol 
volved in the aerobic inhibition of glycolysis. 

Effect of addition of crystalline glyceraldehyde 3- 
phosphate dehydrogenase. 'The addition of excess of 
purified glyceraldehyde 3-phosphate dehydrogenase 
removed the aerobic inhibition of glycolysis. The 
enzyme used had been recrystallized four times and 
showed the characteristic absorption peak at 
276 my of purified enzyme (Velick, Hayes & 
Harting, 1953). As shown in Fig. 6, the addition of 
15mg. of the crystalline enzyme to the enzyme 
digests prevented the aerobic inhibition of glyco- 
lysis. Addition of a smaller amount (0-3 mg.) of 
glyceraldehyde 3-phosphate dehydrogenase 
duced the inhibition but boiled enzyme was in- 
effective. From the data of Cori et al. (1948) it was 
calculated that, at the pH of the enzyme digests in 
these experiments (pH 7-0), the activity of muscle 
glyceraldehyde 3-phosphate dehydrogenase is only 
7% of that at pH 8-6. With this information it was 
determined that, in terms of pmoles of DPN 
reduced/min., the maximum activity of 1-5 mg. of 
crystalline glyceraldehyde 3-phosphate dehydro- 
genase was equivalent to approximately eight times 
and (0:3 mg. of the enzyme equivalent to approxi- 
mately 1-5 times the maximum rate of anaerobic 
glycolysis. 


re- 


Protein SH groups and glycolytic activity 


From the results of the previous experiments it 
appeared that the state of oxidation of certain 
enzyme SH groups may have been important in the 
control of glycolytic activity. The protein SH- 
group content and the glycolytic activity of enzyme 
digests were determined after incubation under 
aerobic and anaerobic conditions with various DPN 
concentrations. When these results were plotted 
against concentration of DPN, glycolytic activity 
and SH-group content of the enzyme 
(Fig. 7). Under 
anaerobic conditions protein SH-group content and 


protein 
digests showed similar trends 
glycolytic activity reached a maximum at a low 
concentration of DPN. 
increased gradually with increasing DPN concen- 
tration. The value 
aerobic conditions for SH-group concentration was 


In air both components 


minimum obtained under 
16 umoles/g. of protein. The maximum rates of 
glycolytic activity in air and N, were approximately 


34 
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Fig. 6. Reversal of aerobic inhibition of glycolysis by the 
addition of mammalian glyceraldehyde 3-phosphate dehy- 
drogenase (GPD). Control reaction mixtures contained: 
partially purified pea extract, 1 ml.; Na,HPO,-KH,PO, 
buffer (pH 7-0), 25ymoles; fructose, 66 moles; FDP, 
40pmoles; ATP, 035mm; DPN, 60M; cysteine, 
0-1 mM (equivalent to cysteine added with GPD). Total 

1-8 ml. Additions shown. O, 


aerobic. 


volume 
Anaerobic; A, 


was were as 
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Fig. 7. Effect of increasing DPN concentration on protein 
SH-group content and glycolytic activity under aerobic 
and anaerobic conditions. Reaction mixtures contained: 
partially purified pea 1-3ml.; Na,HPO, 
KH,PO, buffer (pH 6-5), 25 wmoles; fructose, 66 wmoles; 
G 1-P, 22 pmoles; MgCl,, 16 umoles; ATP, 80 uM; DPN 
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Measurements were made 4 hr. after the reaction was 
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anaerobic glycolytic activity; A, aerobic SH-group 
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equal whereas the protein SH-group content under 


anaerobic conditions (40 »moles of SH groups/g. of 


protein) was higher than that under aerobic con- 
ditions (30 pmoles of SH groups/g. of protein) even 
at very high concentrations of DPN. 


DISCUSSION 


The present investigation has indicated that the 
aerobic inhibition of glycolysis in pea-seed extracts 
is due to oxidative inactivation of glyceraldehyde 
3-phosphate dehydrogenase. This conclusion was 
suggested by experiments on the localization of the 
oxygen-sensitive step and especially by the removal 
of the inhibition by addition of excess of crystalline 
glyceraldehyde 3-phosphate dehydrogenase. 

The stimulating effect of addition of glyceralde- 
hyde 3-phosphate dehydrogenase on aerobic glyco- 
lysis did not appear to be due to DPN or SH groups 
contained in the glyceraldehyde 3-phosphate de- 
hydrogenase preparation. Assuming two bound 
DPN molecules per molecule of glyceraldehyde 
3-phosphate dehydrogenase (Velick et al. 1953), 
and a molecular weight of 137 000 for glyceralde- 
hyde 3-phosphate dehydrogenase (Fox & Dand- 
licker, 1956), it was calculated that the DPN level 
of the glycolytic digests was not significantly in- 
creased by the addition of the crystalline enzyme. 
Similarly, the increase in concentration of SH 
groups added with the glyceraldehyde 3-phosphate 
dehydrogenase preparation was small compared 
with the levels of cysteine or GSH required to 
reverse the aerobic inhibition of glycolysis. These 
conclusions were confirmed by the observation that 
boiled glyceraldehyde 3-phosphate dehydrogenase 
did not reverse the inhibition. 

The reversal of the aerobic inhibition of glyco- 
lysis by cysteine and reduced glutathione suggested 
that 
was inactivated through oxidation of essential SH 


glyceraldehyde 3-phosphate dehydrogenase 


groups. This was supported by the close relation- 
ship existing between the protein SH-group con- 
centration in the glycolysing extracts and the rate 
of glycolysis. The state of oxidation of only one 
fraction of the total SH-group content of the 
enzyme digests appeared to be closely related to the 
rate of aerobic glycolysis. The conditions under 
which the SH groups in the enzyme digests were 
oxidized and reduced enabled three SH-group 
fractions to be distinguished. These were: (i) SH 
groups resistant to aerobic oxidation and equiva- 
lent to 16umoles of SH groups/g. of protein; 
(ii) the fraction closely related to the rate of aerobic 
glycolytic activity and which, when completely 
reduced, the SH-group content to 
30 umoles/g. of protein; (ili) a fraction reduced only 


increased 


under anaerobic conditions and which appeared to 
have no direct effect on glycolytic activity. Com- 
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plete reduction of this fraction increased the total 
SH-group content to 40 umoles/g. of protein. 

The effect of DPN in preventing the aerobic inhi- 
bition of glycolysis may have been due to the pre- 
vention of oxidation of essential SH groups of 
glyceraldehyde 3-phosphate dehydrogenase. Rap- 
kine, Rapkine & Trpinac (1939) reported that 
added DPN protected the SH groups of mammalian 
glyceraldehyde 3-phosphate dehydrogenase from 
oxidation by cystine or oxidized glutathione, and 
this was confirmed with the crystalline enzyme by 
Labeyrie (1949). In the enzyme digests used in the 
present investigation, it is that 
DPNH (produced by the action of glyceraldehyde 
3-phosphate dehydrogenase) functioned as an H 
donor in reducing protein disulphide (S—S) groups 


also possible 


and thus reversed the aerobic inhibition of glyco. | 


lysis. It was calculated that not more than 5% of 
the DPNH produced during maximum-rate aerobic 
glycolysis would be necessary to maintain the pro- 
tein SH-group content at the optimum level for 
glycolysis. The reduction of protein S-S groups by 
DPNH with a yeast preparation has been reported 
by Nickerson & Falcone (1956). A DPN-specific 
cystine reductase (Romano & Nickerson, 1954) was 
present in the pea-seed extracts and may have 
played a part in indirectly reducing the protein 
S-S groups. 

Observations with extracts from yeast (Meyerhof 
& Fiala, 1950) and animal tissues (Terner, 1954, 
1956; Gatt et al. 1956; Gatt, 1957) have supported 
the hypothesis that the Pasteur effect is due to 
competition between glycolytic and respiratory 
processes for available ADP or inorganic phosphate 
(Johnson, 1941; Lynen, 1941). Support for this 
hypothesis was obtained with intact plant tissues 
by Rowan, Seaman & Turner (1956), who observed 
differences in the concentrations of inorganic phos- 
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phate and adenosine phosphates in maturing pea ; 


seeds under aerobic and anaerobic conditions. 
There was no evidence in the present investigation 
that a similar mechanism was responsible for the 
aerobic inhibition of glycolysis in the pea-seed 
extracts. 

In other studies with extracts from 
tissues, Aisenberg et al. (1957) and Aisenberg & 
Potter (1957) concluded that the Pasteur effect 
observed was not controlled by changes in concen- 


tration of ADP or inorganic phosphate. Aisenberg 


animal 


& Potter suggested a mechanism involving the | 


oxidative inactivation of 
through the respiratory cytochrome system. In the 
present investigation the glycolysis of FDP was 
inhibited under aerobic conditions indicating that 
inactivation of phosphofructokinase was _ not 
responsible for the observed inhibition. 

Balazs & Richter (1958) investigated the mech- 
anism of the Pasteur effect in a brain-mitochondrial 


phosphofructokinase | 
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preparation which contained a complete glycolytic 
system. Aerobic inhibition of two separate un- 
identified reactions, operating before and after 
the FDP stage, produced a decrease in the 
rate of glycolysis. High concentrations of DPN 
lowered the inhibitory effect of oxygen in this 
system, suggesting that one of the mechanisms 
operating may be similar to that in the pea-seed 
extract. 

There is some evidence to support the hypothesis 
that the Pasteur effect in vivo may be due to the 
oxidation of essential SH groups of a glycolytic 
enzyme. GSH and cysteine have been found to 
abolish the Pasteur effect in animal tissues (Bumm 
& Appel, 1932), yeast (Quastel & Wheatley, 1932) 
and bacteria (Fromageot & Chaix, 1937) by in- 
creasing the rate of aerobic glycolysis. Fromageot 
& Chaix observed a Pasteur effect in Propioni- 
bacterium pentosaceum in air and at oxygen concen- 
trations lower than those required for aerobic 
respiration. The rate of aerobic glycolysis depended 
on the relative concentration of added SH com- 
pounds and the oxygen partial pressure. During 
the aerobic inhibition of glycolysis in the pea-seed 
extracts the uptake of oxygen was very small, 
whereas the Pasteur effect in vivo is normally 
intact 
tissues in air, terminal oxidases would tend to 
maintain DPNH at a minimum and also render 
active a number of coupled systems for the oxid- 
ation of SH groups. 


accompanied by aerobic respiration. In 


Under anaerobic conditions 
respiratory dehydrogenases would effect a reduc- 
tion of DPN and there may then be a tendency 
for the reduction of S-S groups rather than the 
oxidation of SH groups. Thus the reversible oxid- 
ation of SH groups of glyceraldehyde 3-phosphate 
dehydrogenase could provide a mechanism for the 
Pasteur effect in some tissues. 

A similar effect on the SH groups of glyceralde- 
hyde 3-phosphate dehydrogenase has been sug- 
gested by Turner, Turner, Shortman & King (1958) 
as a factor in the inhibition of photosynthesis by 
oxygen (Turner, Todd & Brittain, 1956). Turner 
et al. (1958) found that the glyceraldehyde 3- 
phosphate dehydrogenase (both DPN- and TPN- 
linked) of chloroplasts was inhibited in an atmos- 
phere of pure oxygen, although in most of these 
experiments the rates of reaction in nitrogen and 
air were not significantly different. 


SUMMARY 


1. Glycolysis by crude and partially purified 
pea-seed extracts was inhibited by aerobic condi- 
tions. This effect of oxygen was consistent with 
definitions of the Pasteur effect. 

2. The concentration of yeast-nucleotide frac- 
tion (added to the partially purified pea-seed 
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extract to replace cofactors) determined the extent 
of the aerobic inhibition of glycolysis. 

3. When adenosine triphosphate and diphos- 
phopyridine nucleotide were added as cofactors, 
the degree of inhibition depended on the diphos- 
phopyridine concentration provided 
that this was between 10 and 100 um. With higher 
concentrations of diphosphopyridine nucleotide no 


nucleotide 


aerobic inhibition of glycolysis was observed. 

4. The 
reversed by removing oxygen or by adding cysteine, 
additional diphospho- 


aerobic inhibition of glycolysis was 


reduced glutathione or 
pyridine nucleotide. 

5. Increase of oxygen partial pressure increased 
the inhibition of glycolysis. 

6. The glycolysis of fructose 1:6-diphosphate 
and its precursors was inhibited in air, but the 
breakdown of 3-phosphoglyceric acid to carbon 
dioxide was unaffected. 

7. Addition of excess of mammalian glyceralde- 
hyde 3-phosphate dehydrogenase prevented the 
aerobic inhibition of glycolysis. Endogenous 
glyceraldehyde 3-phosphate dehydrogenase was 
rapidly inhibited when the pea-seed extracts were 
incubated in air. 

8. In aerobic enzyme digests glycolytic activity 
was directly related to the protein SH-group con- 
centration. 

9. It is concluded that the aerobic inhibition of 
glycolysis in pea-seed extracts was due to reversible 
inactivation of glyceraldehyde 3-phosphate de- 
The the 
observations in Pasteur effect is 


hydrogenase. possible significance of 


relation to the 


discussed. 


The work described in this paper was carried out as part 
of the joint research programme of the Division of Food 
Preservation and Transport, C.S.I.R.O., and of the Botany 
School, University of Sydney. The authors wish to express 
their indebtedness to Dr R. N. Robertson for his interest 
during the course of the investigation and to Dr J. R. 
Vickery, Chief, Division of Food Preservation and Trans- 
port, and Professor R. L. Crocker, Botany School, Uni- 
versity of Sydney, in whose Laboratories the work was 





carried out. 
REFERENCES 


Aisenberg, A. C. & Potter, V. 
1115. 

Aisenberg, A. C., Reinafarje, B. & Potter, V. R. 
J. biol. Chem. 224, 1099. 

Allen, R. J. L. (1940). Biochem. J. 34, 858. 

Balazs, R. & Richter, D. (1958). Biochem. J. 68, 5P. 

Benesch, R. & Benesch, R. E. (1945). Arch. Biochem. 19, 
35. 

Bumm, E. & Appel, H. (1932). Hoppe-Seyl. Z. 210, 79. 

Burk, D. (1939). Cold Spr. Harb. Symp. quant. Biol. 7, 420. 

Cori, G. T., Slein, M. W. & Cori, C. F. (1948). J. biol. Chem. 
173, 605. 

Dixon, K. C. (1937). Biol. Rev. 12, 431. 


R. (1957). J. biol. Chem. 224, 


(1957). 


532 


Fox, J. B. & Dandlicker, W. B. (1956). J. biol. Chem. 218, 
53. 

Fromageot, C. & Chaix, P. (1937). Enzymologia, 3, 288. 

Gatt, S. (1957). Fed. Proc. 16, 184. 

Gatt, S., Krimsky, I. & Racker, E. (1956). Fed. Proc. 15, 
259. 

Hatch, M. D. & Turner, J. F. (1958). Biochem. J. 69, 495. 

Johnson, M. J. (1941). Science, 94, 200. 

Labeyrie, F. (1949). Bull. Soc. Chim. biol., Paris, 31, 1624. 

Lineweaver, H. & Burk, D. (1934). J. Amer. chem. Soc. 56, 
658. 

Lipmann, F. (1933). Biochem. Z. 265, 133. 

Lipmann, F. (1934). Biochem. Z. 268, 205. 

Lipmann, F. (1942). In A Symposium on Respiratory 
Enzymes. Madison: University of Wisconsin Press. 

Lynen, F. (1941). Liebigs Ann. 546, 120. 

Meyerhof, O. & Fiala, 8S. (1950). Biochim. biophys. Acta, 
6, 1. 

Neuberg, C. & Lustig, H. (1942). 
2722. 

Neuberg, C., Lustig, H. & Rothenberg, M. A. (1943). Arch. 
Biochem. 3, 33. 

Nickerson, W. J. & Falcone, G. (1956). Science, 124, 318. 

Peel, J. L. (1951). Biochem. J. 49, 62. 

Quastel, J. H. & Wheatley, A. H. M. (1932). 
26, 2169. 

Racker, E. (1950). J. biol. Chem. 184, 313. 

Rapkine, L., Rapkine, 8. M. & Trpinac, P. (1939). C.R. 
Acad. Sci., Paris, 209, 253. 


J. Amer. chem. Soc. 64, 


Biochem. J. 


M. D. HATCH AND J. F. TURNER 


1959 


Romano, A. H. & Nickerson, W. J. (1954). J. biol. Chem. 
208, 409. 

Rowan, K. 8., Seaman, D. E. & Turner, J. 8. (1956). 
Nature, Lond., 177, 333. 

Segal, H. L. & Boyer, P. D. (1953). J. biol. Chem. 204, 265. 

Stumpf, P. K. (1948). J. biol. Chem. 176, 233. 

Terner, C. (1954). Biochem. J. 56, 480. 

Terner, C. (1956). Biochem. J. 64, 523. 

Turner, J. F. (1953). Nature, Lond., 172, 1149. 

Turner, J. F. (1954). Nature, Lond., 174, 692. 

Turner, J. F. (1957). Biochem. J. 67, 450. 

Turner, J. F. & Mapson, L. W. (1958). Nature, Lond., 181, 
270. 

Turner, J. F., Turner, D. H. & Lee, J B. (1957). Aust. J. 
Biol. Sci. 10, 407. 

Turner, J. 8. (1951). Annu. Rev. Pl. Physiol. 2, 145. 

Turner, J. S., Todd, M. & Brittain, E. G. (1956). Aust. J. 
Biol. Sci. 9, 494. 

Turner, J. S., Turner, J. F., Shortman, K. D. & King, J. E. 
(1958). Aust. J. Biol. Sci. 11, 336. 

Umbreit, W. W., Burris, R. H. & Stauffer, J. F. (1951). 
Manometric Techniques and Tissue Metabolism. Min- 
neapolis: Burgess Publishing Co. 

Velick, 8. F., Hayes, J. E. & Harting, J. (1953). J. biol. 
Chem. 203, 527. 

Warburg, O. & Christian, W. (1939). Biochem. Z. 303, 40. 

Warburg, O. & Christian, W. (1941). Biochem. Z. 310, 384. 

Weissmann, N., Schoenbach, E. B. & Armistead, E. B. 
(1950). J. biol. Chem. 187, 153. 


Studies on Phospholipids 
6. A COMPLEX PHOSPHOLIPID FROM SHEEP BRAIN* 


By F. D. COLLINS+ 
Department of Biochemistry, Australian National University, Canberra, Australia 


(Received 28 October 1958) 


The occurrence of complex phospholipids in rat 
liver and sheep brain has been described (Collins, 
1959) and it was shown that, after N-2:4-dinitro- 
phenylation and methylation, three forms could be 
distinguished with partition coefficients of 1-0, 2-5 
and 8 in carbon tetrachloride—-methanol—water. 
The material with a partition coefficient of 1-0 
predominated in sheep brain but was present in 
small amounts only in other tissues (Collins, 1959). 
The present paper describes the isolation and 
purification of this complex phospholipid from 
sheep brain. A preliminary account has already 
been published (Collins, 1958). 


METHODS 


The analytical methods used were those described by 
Wheeldon & Collins (1957) for amino N, Wheeldon & 


* Part 5: Collins (1959). 
{+ Present address, Department of Biochemistry, Uni- 
versity of Melbourne, Australia. 


Collins (1958) for choline, Collins & Wheeldon (1958) for 
ethanolamine and serine, Stern & Shapiro (1953) as adapted 


) 


by Collins (1959) for fatty acids, Beadle (1944) for inositol, | 


Collins (1959) for complex phospholipids, Park & Johnson 
(1949) for reducing sugars and Feulgen & Griinberg (1939) 
for fatty aldehydes. 

Phosphorus. A sample of lipid containing between 3 and 
25 ug. of P was added to a micro-Kjeldahl digestion flask 
and 0-05 ml. of 72% (w/v) perchloric acid added. The 
mixture was gently refluxed for 20 min., allowed to cool and 
5 ml. of water added, followed by 5 ml. of the diluted mixed 
metavanadate—molybdate reagent described by Michelsen 
(1957). After 5 min. the extinction at 315 mp was measured 
and simultaneous measurements were made with control 
solutions containing acid and reagent, two without P and 
two containing a known amount of P. 

Hydroxyl groups. A sample containing between 0-5 and 
8-0umoles of a non-volatile alcohol was treated with 
0-25 ml. of acetyl chloride for 10 min. at 30°. The excess of 
acetyl chloride and the hydrogen chloride liberated during 
the reaction were removed in vacuo and the procedure 
described by Stern & Shapiro (1953) for ester groups was 
applied, octadecanol and cholesterol being used as reference 
substances. 
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Nitrogen. The micro-Kjeldahl procedure used by 
Wheeldon & Collins (1957) was employed, except when 
nitro groups were present; in these cases the author is 
indebted to Dr J. Fildes, who estimated them by the 
reduction procedure described by Friedrich (1933). 

Countercurrent distribution. The solvent systems used 
were aqueous 85% (v/v) ethanol-light petroleum (b.p. 40- 
60°; Lovern, 1952), light petroleum (b.p. 40-60°)—acetone— 
propan-2-ol-water (40:10:40:10, by vol.) and carbon 
tetrachloride-methanol—-water (62:35:3-15, by vol.; Cole, 
Lathe & Ruthven, 1953). The other details were as de- 
scribed by Collins (1959). 

Paper chromatography. The following solvent systems 
were used for the identification of glycerol 1-phosphate: 
phenol saturated with water, propan-2-ol-aqueous 1% 
ammonium sulphate solution (2:1, by vol.; Anand, Clark, 
Hall & Todd, 1952), methanol-aqueous 2N-ammonia 
solution (70:30, v/v; Burrows, Grylls & Harrison, 1952), 
acetone-aqueous 35% (v/v) formic acid (60:40, v/v; 
Burrows et al. 1952), butanol—acetic acid—water (4:1:5, by 
vol.; Partridge, 1948) and propanol—water (4:1, v/v; Olley, 
1956). Phosphate esters were detected by the method of 
Hanes & Isherwood (1949) as modified by Bandurski & 
Axelrod (1951), and cis-glycols by the method of Baddiley, 
Buchanan, Hondschumacher & Prescott (1956). 

The solvent systems described by Partridge (1948) and 
Olley (1956) were used for the paper chromatography of 
choline, detected by the method of Levine & Chargaff 
(1951), and of sugars, detected by the aniline hydrogen 
phthalate reagent described by Partridge (1949). 

For dinitrophenyl (DNP)-ethanolamine and DNP-serine 
the solvent systems described by Collins & Wheeldon (1958) 
were used. 

Paper electrophoresis. This was carried out in 0-02M- 
sodium citrate buffer (pH 3 5), at 2 ma, 200v for 4 hr. and 
on no. 1 Whatman paper. 

Preparation of the lipids. Sheep brain (106 g.) which had 
been transported in ice from the abattoir was extracted 
and the lipids (6-8 g.) were washed with acid, treated with 
1-fluoro-2:4-dinitrobenzene as described by Wheeldon & 
Collins (1957) and then with diazomethane (Collins & 
Wheeldon, 1957). The lipids were divided into a non-polar 
and a polar fraction by countercurrent distribution in 
aqueous 85% (v/v) ethanol-light petroleum, with 50 
transfers (Collins & Wheeldon, 1957; Collins, 1959). 

Hydrolysis. The complex phospholipid (25 or 50 mg.) was 
refluxed with 5 ml. of anhydrous ethanolic 2n-hydrogen 
chloride solution for 3 hr., heated in vacuo to remove the 
hydrogen chloride and ethanol and 5 ml. of water added. 
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When cold the mixture was filtered and the filter washed 
with water until the washings were colourless. The insoluble 
material on the filter, and that left in the flask, was dis- 
solved in light petroleum and contained the fatty acids and 
the fatty alcohols. The aqueous solution was shaken three 
times with 10 ml. of diethyl ether, which extracted DNP 
ethanolamine and DNP-serine. The water-soluble, diethy] 
ether-insoluble material formed the third fraction. 

The light petroleum-soluble portion of the hydrolysate 
was refluxed with 10 ml. of ethanolic 2N-potassium hydr- 
oxide solution for 2 hr. and, after the addition of 10 ml. of 
water, the solution was extracted three times with 10 ml. of 
diethyl ether. The ethereal solutions were combined, 
washed three times with 10 ml. of water and the solvent 
was removed in vacuo. This constituted the unsaponifiable 
fraction. The combined aqueous solution was acidified 
(pH 2) and the solution was again extracted three times 
with 10 ml. of diethyl ether. The combined ethereal extracts 
were washed three times with 10 ml. of water, the solvent 
was removed in vacuo and the fatty acids were recovered. 

Molecular-weight determination. The molecular weight 
was determined by the isopiestic method described by 
Signer (1930), with, as reference substance, a sample of 
peanut oil which contained less than 1% of unsaponifiable 
material and had a saponification equivalent of 890. In 
each experiment 70 mg. of the complex phospholipid was 
dissolved in 1-4-1-8 ml. of diethyl ether and 70 mg. of the 
peanut oil in 0-5-1-0 ml. of diethyl ether, so that in some 
experiments the distillation was from the phospholipid 
solution to the peanut-oil solution and in others the reverse. 
The mean value for the molecular weight was 2030. 

Dr D. D. Perrin measured the depression of the freezing 
point in cyclohexane; 313 mg./10 ml. gave a depression of 
0-36°, equivalent to a molecular weight of 2200. 


RESULTS 


Isolation and purification of the complex 
phospholipid derivative 


Table 1 shows that the polar fraction of the dini- 
trophenylated and methylated lipids contained 
56 % of the amino N. Analysis of this fraction by 
countercurrent distribution in carbon  tetra- 
chloride—methanol—water (Collins, 1959) showed 
the presence of three components with partition 
coefficients of 1-0, 2-5 and 8-0 with respectively 
0-47, 0-25 and 0-30 m-mole of amino N. 


Table 1. Isolation of a complex phospholipid from sheep brain: analysis of the various fractions 


Fraction 
(1) Starting material 
Non-polar fraction 
Polar fraction 


(2) After first countercurrent distribution 
in CCl,-methanol—water 

(3) Final stage, after remethylation and 
countercurrent distribution in aqueous 
85 % (v/v) ethanol-light petroleum 

Non-polar fraction 

Polar fraction 


Weight P Amino N 

(g.) (mg.atoms) (mg.atoms) Amino N/P 
7:10 3-29 1-87 0-57 
4:12 0-78 0-83 1-06 
2-98 2-51 1-04 0-41 
1-17 1-05 0-50 0-48 
0-34 0-15 0-05 0-3 
0-58 0-57 0-28 0-49 
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The polar fraction was allowed to stand with 
300 ml. of acetone at 0° for 18 hr. (Collins, 1959) 
and the acetone-insoluble material re-treated with 
acetone. Three fractions were obtained: acetone- 
soluble material with A,,,, at 335 my and amino 
N/P 0-56; material sparingly soluble in acetone 
with A,,,,, at 343 mp and amino N/P 0-17; and 
acetone-insoluble material with A, at 343 mp 
and amino N/P 0-08. 

The acetone-soluble material was distributed in 
tetrachloride—methanol—water with 50 
the contents of tubes 13-39 were 


carbon 
transfers and 
combined (see Table 1 for analyses). The counter- 
current distribution showed the presence of 
material with partition coefficient of 3-3, which was 
not present in the original and this 
indicated some decomposition. The material was 


tetrachloride—methanol 


mixture, 
redistributed in carbon 
water (50 transfers, Fig. 1) and analyses of fractions 
13-37 showed that the ratio N/P was 
0-470 + 0-008. These fractions were combined and 


amino 


redistributed in carbon tetrachloride—methanol 
water (110 transfers) and the contents of tubes 
46-68 were combined. This material, which had 
amino N/P 0-45, was treated with diazomethane 
and separated into a non-polar and a polar fraction 
by distribution in aqueous 85% (v/v) ethanol- 
light petroleum; the analyses of these two fractions 
Table 1, the polar fraction repre- 


are shown in 


senting the final product. 


Fig. 2 shows the countercurrent distribution of 


the final product in light petroleum—acetone 


propan-2-ol—water. Countercurrent distribution of 


the polar fraction of the dinitrophenylated and 


Amino-N (zmoles) 








0 10 20 30 40 50 
Tube no 
Fig. 1. Countercurrent distribution of 1-17 g. of crude 
complex phospholipid in CCl,-methanol—water; each 
fraction was diluted to 100 ml. with ethanol and the 
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methylated lipids indicated the presence of 0-47 m- 
mole of the complex phospholipid and, as the final 
yield was 0-28 m-mole, the overall yield was 59 %, 
In two other experiments the yield was 25%. If it 
is assumed that the molecular weight of the com. 
plex phospholipid before dinitrophenylation is 
1884 then the sheep-brain lipids contain about 
12 % of this material. 


Properties of the complex phospholipid derivative 


The complex phospholipid was a deep-yellow 
waxy material very soluble in light petroleum, 
chloroform, benzene, acetone and ethanol but in- 
soluble in water. The compound was unstable if ‘ 
kept in solution at room temperature and in the 
light and after 6—7 days gave rise to about 10% of 
products with partition coefficients in carbon 
tetrachloride—methanol—water of 1-5 and several 
with values in excess of 2-0. All preparations were 
therefore stored as solids at — 15°. 

The minimum molecular weight from the P 
content was 1030 and the determination of the 
molecular weight by two methods gave values of 
2030 (isopiestic) and 2200 (freezing point). It was 
concluded that there were two atoms of P/molecule 
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Fig. 2. Countercurrent distribution of 7-85 mg. of the 
complex phospholipid in light petroleum—acetone 


propan-2-ol-water. The contents of each tube were dis 
solved in 10 ml. of light petroleum and the extinction at 
335 my was measured (@). O, Expected values fo 
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and elementary analysis corresponded to the 
empirical formula Cyo5.,Hjg3,.0.NgP, (Found: 
C, 61-4, 61-5; H, 8-8, 8-9; N, 4:1, 4-0; P, 3-0, 3-0. 
CogH1gsOogNgP2 requires C, 61-5; H, 8-9; N, 4-1; P, 
3:0. Cyo5Hys3009N,P. requires C, 61-4; H, 8-9; N, 
4-1; P, 30%). 

The absorption maximum was at 333-335 my in 
light petroleum and the molecular extinction co- 
efficient (17 200) indicated the 
N-2:4-dinitrophenyl group/mole, 
counted for three of the six N atoms. 

Qualitative tests showed the absence of free 
amino groups, aldehydogenic groups and 8. 


presence of one 


and this ac- 


Hydrolysis products of the complex 
phospholipid derivative 


The complex phospholipid was hydrolysed and 
the products were separated into light petroleum, 
diethyl ether and 


water-soluble fractions as 


described in Methods. Table 2 gives the analyses of 


these fractions. 

The water-soluble, diethyl ether-insoluble por- 
tion of the hydrolysate contained less than 0-05 
atom of inorganic P/mole and on paper chromato- 
graphy and electrophoresis only one phosphate 
spot was obtained, which in every case coincided in 
Rk, with glycerol 1-phosphate and gave a positive 
test cis-glycol. In propan-2-ol—aqueous 
ammonium sulphate solution the R, of glycerol 
1-phosphate was 0-40, of glycerol 2-phosphate was 
0-27 and the unknown was 0-39. 


for a 


It was therefore 
concluded that the unknown material was glycerol 
1-phosphate and that, because only one phosphate 


spot was obtained and there were 2 moles of 
P/mole, there must be 2 moles of glycerol 1- 


phosphate/mole. 

The amount of the unidentified N-containing 
compound in the water-soluble fraction was ob- 
tained from the difference between the total N 
(1-95 moles/mole) in this fraction and the amount 
of choline N. There was no reaction with ninhydrin 


and the only unidentified material located on 


Table 2. Analysis of the hydrolysate of the 
sheep-brain complex phospholipid 


Water-soluble materials Moles/mole 


Glycerol 1-phosphate 2-0 

Choline 0-96 

Sugar (as glucose) 0-96 

Unidentified N compound (by difference) 0-99 
Diethyl ether-soluble materials 

DN P-ethanolamine 0-95 

DN P-serine 0-05 
Light petroleum-soluble materials 

Fatty acids 1-92 

Fatty alcohol 1-04 
Unidentified N compound (by difference) 1-09 
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paper chromatograms was an ultraviolet-absorbing 
spot with R, 0-25 in propanol—water and 0-38 in 
butanol—acetic acid—water. On paper 
phoresis at pH 3-5 the movement was 0-68 of that 
0-1 N-hydrochloric 
was at 257mpz and #}% in three experi- 


electro- 
of orthophosphate. In acid 
pe 
ments was 5-6, 11-9 and 13-2, based on the amount 
of complex phospholipid. The variable yield may 
indicate either that the material is unstable or that 
it is an artifact derived from a precursor during the 
hydrolysis. 

Further hydrolysis by heating the water-soluble 
fraction with 6N-hydrochloric acid for 24 hr. at 
110° in a sealed tube did not yield any additional 
choline and a test for inositol was negative. 

The portion of the original 3 hr. hydrolysate that 
was soluble in diethyl ether or light petroleum 
unidentified N- 
containing compound. There was no reaction with 


contained 1-09 moles/mole of 
ninhydrin or fluorodinitrobenzene and it was con- 
cluded that sphingosine was absent. 

From 100 mg. of complex phospholipid 22 mg. of 
unsaponifiable material was obtained with 1-04 
hydroxy groups/mole of phospholipid. Chromato- 
graphy on alumina yielded a fraction, eluted by 
chloroform, containing all the hydroxy groups and 
the test for 
sterols was negative. 


on which Liebermann—Burchard 


Examination of lipids not treated with 
1-fluoro-2:4-dinitrobenzene and diazomethane 


Hydrolysis of the complex phospholipid had 
shown the presence in the hydrolysate of an un- 
identified water-soluble N-containing compound, 
an ultraviolet-absorbing material which may or 
may not be identical with the first material and 
two compounds soluble in organic solvents, a 
fatty alcohol and another unidentified N-containing 
compound. The ultraviolet-absorbing material and 
the ‘fatty alcohol were sufficiently well character- 
ized to warrant a search in lipids not treated with 
fluorodinitrobenzene and diazomethane to elimi- 
nate the possibility that they were artifacts due 
to the chemical manipulation of the lipids. 

With the extraction procedure described by 
Wheeldon & Collins (1957), 12-03 g. of lipids was 
obtained (219 g.) the 
acetone-insoluble lipids (9-21 g.) were hydrolysed 


from a sheep brain and 
by heating under reflux with 200 ml. of anhydrous 
ethanolic 2N-hydrogen chloride solution for 6 hr. 
The ethanol and hydrogen chloride were removed 
in vacuo, 11. of light petroleum was added and the 
mixture allowed to stand for 18 hr., after which the 
light petroleum solution was washed three times 
with 50 ml. of water and the washings were added 
to the light petroleum-insoluble material. The light 
petroleum-soluble material (8-04 g.) was washed 
with n-hydrochloric acid, with the addition of 10% 
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(v/v) of ethanol to reduce emulsification, and 
washed with water to remove excess of hydro- 
chloric acid, yielding 6-44g. This material was 
hydrolysed by heating on a boiling-water bath with 
20 ml. of ethanol and 5 ml. of 60 % (w/v) potassium 
hydroxide solution for lhr. The mixture was 
cooled, an equal volume of water added and ex- 
tracted three times with 100 ml. of diethyl ether. 
The combined ethereal solution was washed three 
times with 10 ml. of water and the solvent removed 
by heating in vacuo, the residue weighing 1-31 g. 
This material was chromatographed on alumina 
(20 g.) and four fractions were collected: (1) eluted 
by light petroleum, 0-208 g., equivalent weight for 
one hydroxy group, 920; (2) eluted by chloroform, 
0-454 g., equivalent weight for one hydroxy group, 
460; (3) eluted by chloroform-—ethanol (1:1, v/v), 
0-175 g., equivalent weight, 350; (4) eluted by 
chloroform-ethanol (1:2, v/v), 0-030 g., equivalent 
weight, 420. Fractions 2, 3 and 4 were combined 
and the chromatographic separation on alumina 
(20 g.) was repeated. The material eluted by 
chloroform weighed 0-445 g. and was a white wax, 
freely soluble in light petroleum, benzene, chloro- 


form and sparingly soluble in methanol and 
ethanol. (Found: C, 75-8; H, 11-7. Cy oH;.0, 


requires C, 75-0; H, 11-7. C,,H;.0, requires C, 
75:7; H, 11-4%). The equivalent weights calcu- 
lated from the determination of hydroxy groups 
with octadecanol and cholesterol as reference sub- 
stances were 470 and 477 respectively. 

The infrared spectrum measured by Dr E. 
Spinner showed the absence of any band due to 
carbonyl groups but did contain bands which were 
consistent with hydroxy and ether groups. 

The OH/P molar ratio of the crude, unsaponifi- 
able material was 0-27 and the final value was 0-14. 
These figures represent the upper and lower limits 
to the amount of fatty alcohol in the total phos- 
pholipids and, assuming a molecular weight of 475, 
this corresponds to 4:9-9-2% of the acetone- 
insoluble lipids. 

The light petroleum-insoluble materials obtained 
after hydrolysis of the sheep-brain lipids not treated 
with fluorodinitrobenzene and diazomethane were 
examined by paper chromatography in propanol— 
water and butanol—acetic acid—water, and an 
ultraviolet-absorbing spot was present with the 
same R, as that obtained with material from the 
complex phospholipid. The absorption maximum 
in water was 255 mp and H}% was 0-8 calculated 


on the total acetone-insoluble lipids. 


DISCUSSION 


Phosphatidylethanolamine has seldom béen iso- 
lated in a pure state from animal tissues and then 
apparently only in low yield. Folch (1942) isolated 
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phosphatidylethanolamine (amino N/P 0-91; N/P 
1-07 and 3-65 % of P) from ox brain in a yield of 
2-6 pmoles/g. fresh tissue. Chargaff, Ziff & Ritten- 
berg (1942) showed by isotopic dilution that ox 
brain contained 14yumoles of ethanolamine-con- 
taining lipids/g. of fresh tissue and thus Folch’s 
(1942) yield was about 19% of the total ethanol- 
amine-containing phospholipids. Folch (1942) also 
isolated from ox brain phosphatidylserine (amino 
N/P 1-02; N/P 1-00 and 3-58 % of P) in a yield of 
4-3 upmoles/g. of fresh tissue. Chargaff et al. (1942) 
obtained 6-8 nmoles of serine-containing lipids and 
thus Folch’s yield was 63%. It can be assumed 
that the complex phospholipid, the isolation of 
which forms the subject of this paper, represents 
part of the 81% of the ethanolamine-containing 
phospholipids which Folch (1942) discarded in his 
isolation of phosphatidylethanolamine. 

The isolation of the complex phospholipid 
derivative from sheep brain was based on its 
solubility in cold acetone and on its partition 
coefficient in carbon tetrachloride—methanol—water 
(1-0) and, although the distribution curve (see 
Fig. 1) was broader than that required by theory 
for a single compound, this is probably due to the 
fact that a mixture of fatty acids was present. The 
distribution curve in light petroleum—acetone- 
propan-2-ol—-water shown in Fig. 2 demonstrates 
that the divergence from theory is not great in this 
solvent system. 

In the complex phospholipid isolated from sheep 
brain, the molar ratios between the various 
residues are nearly integral (P, 2; total N, 6-05; 
amino N, 1-0; choline, 0-96; sugar, as glucose, 
0-96; fatty acids, 1-92; fatty alcohol, 1-04), the 
molecular weight is double that of the known phos- 
pholipids and it contains two unidentified N- 
containing residues, a complex fatty alcohol and a 
sugar. 

The presence of unidentified N-containing com- 
pounds in phospholipids has been noted by Hawke 
(1956), Hanahan, Dittmer & Warashima (1957) and 
McKibbon (1957), and the present results enable 
the unidentified N-containing residues to be 
related to a definite component of the phospholipid 
mixture, i.e. to a complex phospholipid. 

Saito & Akashi (1957) have reported an uni- 
dentified base in the hydrolysate of the lipids of 
Bacillus alcaligenes faecalis, which had \,,,, in 
0-1Nn-hydrochlorice acid of 255-5 and 227-5 mp, R, 
0-30 in butanol—acetic acid—water (4:1:5, by vol.) 
and on electrophoresis was almost immobile at 
pH 7-0 and 6-2. Tests with ninhydrin, and for P 
and sugars, were negative. This material may be 
identical with the ultraviolet-absorbing substance 
obtained from the complex phospholipid. 

The presence of a fatty alcohol with a molecular 
weight of 475, one hydroxy group and three ether 
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linkages is unexpected and provides an explanation 
of the high solubility in light petroleum of a com- 
plex containing so many polar groups. Fatty 
alcohols are known to occur (Deuel, 1951), such as 
the triterpenes in wool fat (agnosterol C,,.H,,0 and 
lanosterol C35H;,O), and the glyceryl ethers which 
occur in many animal tissues (batyl alcohol 
C,,H,;0,, chimyl alcohol C,,H,,O, and selachy! 
alcohol C,,H,,0;), but neither group corresponds 
with the material isolated from the sheep-brain 
complex phospholipid. Recently Carter, Smith & 
Jones (1958) have reported the presence of baty] 
alcohol in egg phospholipids and thus the occurrence 
of ethers in phospholipids is probably widespread. 

The presence of 2 moles of glycerol 1-phosphate, 
lmole of ethanolamine, 1 mole of choline and 
2moles of fatty acids suggests that lysophos- 
phatidylcholine and lysophosphatidylethanolamine 
may form the backbone of the molecule. This 
would be consistent with the predominance of the 
glycerylphosphoryl-base structure in phospholipids 
and, because of the instability of the complex 
phospholipid on chromatography, may explain in 
part the finding of lysophospholipids in some 
tissues (Lea, Rhodes & Stoll, 1955). The complex 
phospholipid may thus consist of a molecule of 
lysolecithin and a molecule of lysophosphatidyl- 
ethanalomine joined together by a bridge con- 
sisting of the two unidentified N-containing resi- 
dues, the sugar and the fatty alcohol. The sum of 
the molecular weights of oleyl-lysolecithin, methyl 
N-2:4-dinitrophenyloleyl-lysophosphatidylethanol- 
amine, glucose and the fatty alcohol is 1809. The 
molecular weight of the complex phospholipid is 
2030 and, on the assumption that it is formed from 
the condensation of six residues by the splitting off 
of five molecules of water, the total weight of the 
residues will be 2120. The combined molecular 
weight of the two N-containing compounds will 
thus be 311 and they will contain six atoms of 
oxygen. 

The precise nature of the complex phospholipid 
must await further chemical studies but the fact 
that it is concentrated in brain tissues (Collins, 
1959) suggests that it may be a component of 
myelin. 


SUMMARY 


1. From sheep brain, a derivative of a complex 
phospholipid has been isolated with a molecular 
weight of 2030 and containing the following resi- 
dues: 2 moles of glycerol 1-phosphate, 1 mole each 
of dinitrophenylethanolamine, choline, a sugar and 
a fatty alcohol, 2 moles of fatty acids and two 
unidentified nitrogen-containing materials. 

2. The fatty alcohol had a molecular weight of 
475, with one hydroxy group, and constituted 
4:9-9-2 % of the total phospholipids of sheep brain. 
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3. One of the unidentified nitrogen-containing 
residues after hydrolysis was water-soluble and 
contained neither free amino groups nor quaternary 
ammonium groups. 

4. The complex phospholipid constituted 28 % 
of the total sheep-brain phospholipids. 


The author is indebted to Dr Joyce Fildes for the ele- 
mentary analyses, to Dr E. Spinner for the infrared 
spectrum and to Dr D. D. Perrin for a molecular-weight 
determination, all of the Department of Medical Chemistry, 
Australian National University, and to Mrs M. Labutis for 
technical assistance. 
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Previous work from this Laboratory has shown that 
calf-thymus histones have mainly proline and 
alanine N-terminal groups, together with several 
minor ones in variable amounts (Phillips, 1958). 
We wish to describe experiments which show that 
the histone preparations all contain a proteolytic 
enzyme that is able to produce alanine, lysine and 
glycine end groups. It seems likely that proline and 
alanine are the only original end groups of the 
histones isolated by the methods used here. 

Some partial separations of the mixture of 
histones into its component proteins on carboxy- 
methyleellulose and alumina columns have been 
reported (Davison, 1957; Phillips, 1957), but an 
improved method of chromatography on carboxy- 
methylcellulose has now given two fractions—one 
having mainly proline, the other mainly alanine 
N-terminal groups. 


MATERIALS AND METHODS 


The crystalline bovine ribonuclease, bovine plasma albu- 
min, bovine chymotrypsin and hen-egg lysozyme were 
purchased from Armour and Co. Ltd., and the protamine 
(salmine) sulphate from Burroughs Wellcome and Co. Ltd. 

Preparation of histones. The mixed histones were pre 
pared from previously isolated nucleoprotein from fresh 
frozen calf-thymus glands by the method of Davison, 
James, Shooter & Butler (1954). 
(avoiding dialysis) 0-25N-H,SO, was used for the extraction 
instead of the usual 0-25Nn-HCl. Subsequently the H,SO, 
was removed as barium sulphate which was centrifuged 
down in a model L Spinco ultracentrifuge at 24 000 g (av.) 
for 1-5 hr. A sample of the supernatant was taken for end 
group determination (sample H32X, Table 1) and the rest 


1-2 g. 


In a few preparations 


freeze-dried. The yield of histone was about 50 g. of 
thymus gland, the same as that obtained in the method 
using HCl. In some preparations the NaCl solution used 
for washing the nucleoprotein was acidified to pH 3-5 with 
HCl, so that the pH of the washings fell from about 6 to 
about 4. This was done in order to prevent the enzyme 
action which (as shown in the results) occurs at neutral and 
alkaline pH. 


Table 


{An example of such a preparation is H30 X 
(see 1). The use of diisopropyl phosphorofluoridate, 
also to inhibit enzyme action, is described in the Results. 
In some instances the histones extracted from deoxy 
nucleoprotein with 0-25N-HCl were dialysed agairist 2 mn 
HCl and the solution was then applied to the chromato 


graphic columns (see below). 


Chromatography on carboxymethylcellulose. 
methylcellulose (CMC) was prepared from Whatman cellu- 
lose powder by the method of Peterson & Sober (1956) and 
was finally obtained in the free acid form by washing with 
0-01 N-HCl and then with water. Columns were prepared 
by allowing a slurry in 2 mn-HCl to settle in the tube under 
gravity, with about 5 g. of CMC for 50-100 mg. of histones. 
The histones (about 4 mg./ml. in 2 mn-HCl) were run in 
under gravity. The CMC used could adsorb 140 mg. of 
histone/g. from a solution in 2 mm-HCl (pH 3-8) but the 

of this loading. The chro- 


Carboxy- 


columns were run at about 10% 
matogram was developed by gradient elution with HCl up 
to 0-05N, fractions of 5-10 ml. being collected automatic- 
ally at about 1 ml./min. In most of the work the HCl con- 
centration was changed in steps, previously determined 
from the gradient-elution experiments. The progress of the 
elution was followed by measuring the extinction of the 
fractions at 278 mp and in some cases by micro-Kjeldahl 
nitrogen determination. The product of the extinction and 
the volume gave the ‘extinction units’ applied to the 
column, and similar measurements on the bulked fractions 
corresponding to the peaks and the interspaces gave the 
recovery of ‘extinction units’. The histones were recovered 
from the fractions by dialysis against water and freeze- 
drying, but frequently the acid solutions were simply 
neutralized and the histones converted into the dinitro- 
phenyl derivatives without prior isolation. 

Reaction with 1-fluoro-2:4-dinitrobenzene. The N-terminal 
groups were measured as before (Phillips, 1958). Guanidine 
hydrochloride was not generally used in the medium since 
further experiments have shown that it probably has no 
effect on the type or yield of end groups. In some instances 
end groups have been determined in the presence of NaCl 
derived from the neutralization of the HCl used for extrac- 
tion or fractionation. With histone sample H 21 coupled in 
(a) guanidine bicarbonate, and (b) the same but saturated 
with NaCl, the end groups were identical both in type and 
quantity. 

To minimize proteolytic action during the coupling with 
1-fluoro-2:4-dinitrobenzene (FDNB) in alkaline media, di- 
isopropyl phosphorofluoridate (DFP) as a 0-1M-solution in 
propan-2-ol is now added to the reaction medium to give a 
final concentration of mm-DFP. 

The method has been further checked by the determina- 
tion of the N-terminal groups of several other proteins. 
Thus crystalline bovine ribonuclease gave 1 mole of lysine 
12 000 weight of protein (ef. 1/13 700, Anfinsen, Redfield, 
Choate, Page & Carroll, 1954). Crystalline bovine plasma 


albumin gave 1 mole of aspartic acid/72 000 weight of 
protein (cf. 1-08/69 000: Desnuelle, Rovery & Fabre, 1951). 
Crystalline hen-egg lysozyme gave 1 mole of lysine/15 700 
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weight of protein (cf. approx. 1/15 000; Schroeder, 1952). 


Both horse and human haemoglobins, prepared by the 


method of Boor & Hektoen (1930) but not crystallized, 
gave only about 2 moles of valine/66 000 weight of globin, 
together with extra spots due to stable dinitrophenylated 
peptides. On more vigorous hydrolysis (16 hr. at 110° in 


6N-HCl) about 4 moles of valine was found (cf. 5/63 400 of 


horse globin; Rovery, Desnuelle & Bonjour, 1950, and 
4/66 000 for several human haemoglobins; Masri & Singer, 
1955). Salmine sulphate after purification through Dowex 1 
OH resin gave 1 mole of N-terminal groups/2300 protein, 
of which 74% were proline end groups. This demon- 
strated that proline was readily detectable under our 
conditions. 

Total amino acid analyses have been determined with 
FDNB by the method of Levy (1954) and Fraenkel- 
Conrat, Harris & Levy (1955), with the following modifica- 
tions. The histone was hydrolysed for at least 24 hr. in 


6N-HCl at 110°. The dry hydrolysate from about 2 mg. of 


histone was dissolved in 1 ml. of borate buffer at pH 9-3 in 
a stoppered tube and adjusted to pH 9 (testing on indicator 
papers). After adding 0-01 ml. of FDNB, the tube was 
shaken at 40° for 4hr. with frequent adjustment of the 
pH with NaOH as necessary. The coupled alkaline solution 
was not extracted with ether since it was found that this 
removed a small amount of bisdinitrophenyl-lysine. The 
diluted reaction mixture was then acidified and extracted 
with ether three times. The ether extracts were then treated 
as in the N-terminal-group measurement (Phillips, 1958). 
The acid-soluble material was evaporated to dryness in 
vacuo and the yellow derivatives in it removed by several 
extractions with small amounts of a solvent consisting of 
acetone—0-1N-HCl (95:5, v/v). These extracts were then 
chromatographed on strips of no. 7 Whatman paper 
previously buffered with 0-05m-phthalate buffer (pH 6), 
butan-2-ol saturated with the phthalate buffer being used 
as the solvent. Another sample of the acid-soluble material 
was run on no. 1 Whatman paper and developed with 
cone. ninhydrin (Lewis, 1952) to check that all the amino 
acids had reacted with FDNB. As a control for the method, 
a hydrolysate of crystalline ribonuclease was used, and the 
molar ratios of the amino acids were found to be in fair 
agreement (with the exception of tyrosine, cystine and 
methionine) with the published analyses of the chromato- 
graphic fraction A of ribonuclease (Hirs, Stein & Moore, 
1954). Cystine and methionine are absent from, or present 
only in small amounts in, histones (Crampton, Moore & 
Stein, 1955). The recovery of amino acids varied between 70 
and 80% of the amount taken (based on N), but in all cases 
only the molar ratios have been quoted in the form: moles 
of amino acid/100 moles of all amino acids (see Table 4). 
Levy (1954) found that the molar ratios in his analyses 
than the Only 
tyrosine showed variability of molar ratio. 


vere much more constant recoveries. 

Proteolytic-enzyme tests. The action of chymotrypsin and 
histones on N-acetyl-L-tyrosine ethyl ester was tested by 
adding a dilute solution of chymotrypsin or histone or a 
weighed amount of solid histones to a stock solution of the 
ester (about 2 mg./ml. in borate buffer, generally pH 8-3, 
which was 0-12M, 0-02N, and 0-04 in boric acid, NaOH 
and NaCl respectively). The tubes were kept at 20 and 
20 ul. samples were removed immediately on mixing and at 
intervals and applied to the origin positions on no. 1 


Whatman paper, the spots being dried immediately by a 
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jet of air. The chromatograms were run in butan-1-ol 
acetic acid—water (5:1:4, by vol., upper phase used) and 
the spots were detected by the Pauly reaction, which 
showed that N-acetyltyrosine ran at R» 0-83 and the ester 
at R, 0-91, the latter giving a redder spot. 

Benzoyl-L-arginine ethyl ester and the amide were pre- 
pared by the method of Bergmann, Fruton & Pollok (1939). 
The action of trypsin and histones on these substances was 
tested as described above. The stock solutions of the sub- 
stances was tested as described above. The stock solutions 
of the substrates were 15 mg./ml. in borate buffer (pH 8), 
and after mixing with the protein the tubes were kept at 
40°. The chromatograms were run on no. 7 Whatman paper 
pretreated with 0-05m-phthalate buffer (pH 6), and were 
developed with the upper layer from butan-2-ol which had 
been shaken with excess of the buffer. The spots were 
detected by the Sakaguchi reaction, and had the following 
Ry values: arginine, 0-02-0-06; benzoylarginine, 0-39-0-45; 
benzoylarginine-amide, 0-58-0-62; benzoylarginine ethyl 
ester, 0-83. In all cases control samples of the substrates 
were incubated without enzyme or histone. 

Amide determination. The histones were hydrolysed for 
3 hr. in 2N-HCI. The solution was brought to pH 8-5, a little 
antifoaming agent added, and the solution then treated 
like a digested sample in the micro-Kjeldahl nitrogen 
determination. 
amide nitrogen under these conditions. 


Asparagine gave 94% of the theoretical 


RESULTS 


Causes of variation in the N-terminal 


groups of histones 


Acid conditions. Since the histones are extracted 
from nucleoprotein by 0-25N-HCIl, the effect of the 
prolonged action of this acid on the end groups was 
examined. Histone (sample H 23), prepared in the 
usual way, was dissolved in 0-25N-HCl at a con- 
centration of 25 mg./ml., and duplicate samples of 
1 ml. were removed at the start and after 2, 8, 14 
and 28 days at room temperature. After coupling 
with FDNB the N-terminal groups were determined 
on the solid dinitrophenyl derivatives. It was 
found that all end groups increased linearly with 
time and the total was doubled in 23 days. Of the 
new end groups, glycine and proline were the most 
important, followed by serine, alanine and lysine. 
Another experiment was done to discover the end 
groups of histones which had not been in contact 
with acid at any stage of their preparation. For 
this purpose, deoxynucleoprotein was prepared 
from calf thymus by the usual washing with 0-14™M 
NaCl. Some of the material was then dispersed in 
an equal volume of 20% NaCl, bicarbonate and 
FDNB were added and the mixture shaken gently 
overnight. The N-terminal groups of the yellow, 
after 
determined and are given in Table 1 (sample NP), 


insoluble material obtained washing were 


as well as the values from histone samples V 1 and 
V3 prepared at about the same time but by the 


usual method involving acid extraction. 
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Alkaline conditions. During their preparation 
the histones are kept for a considerable time near 
neutrality (in the salt-washing, dialysis, and freeze- 
drying) and also at pH 8—9 during the coupling with 
FDNB. To study the effect of these conditions, 
histone sample H 23 was dissolved at 25 mg./ml. in 
borate buffer (pH 7-9; 0-1lM, 0-01N and 0-045m 
in boric acid, NaOH and NaCl respectively), a 
little chloroform added to prevent bacterial action, 
and the solution kept at room temperature. 
Samples were taken at the start and after 7 days. 
A strong effect was noted. The yield of insoluble 
dinitrophenylated product fell from 48 mg. in the 
initial samples to 37 mg. in the 7-day samples, and 
the total N-terminal groups increased threefold on 
a molar basis. Of the new end groups, alanine, 
lysine and glycine accounted for 80% of the in- 
crease (with histone sample V1, 70%). Degrada- 
tion also occurred at pH 6 and 9, but was much 
slower than at pH 7 and 8. For these trials, phos- 
phate buffers were used at pH 6 and 7 and were 
prepared by mixing 0-067m-solutions of Na,HPO, 
and KH,PO, in the volume proportions 1:9 for 
pH 5-9, and 6:4 for pH 7-0 buffers. The borate 
buffer used at pH 8 is described above and the 
pH 9 buffer was 0-17M, 0-07N and 0-015m in boric 
acid, NaOH and NaCl respectively. The pH of the 
buffers was not changed by more than 0-1 unit when 
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the histones were dissolved in them. The rate of 


liberation of end groups decreased with time and 
the effects suggested that a proteolytic enzyme was 
active in the histones. This view was strengthened 


by finding that DFP at a final concentration of 


2-6 mm prevented the increases at pH 8 except for 
a 50 % rise in the lysine value in 7 days (compared 
with a 1200% rise when DFP was not present). 
Histone H23 was also tested with synthetic sub- 
strates, all at pH 8. In borate buffer at 40°, it had 
no action on the trypsin substrate benzoyl-t- 
arginine-amide in 5 days, but benzoyl-L-arginine 
ethyl ester was slowly digested and the chymo- 
trypsin substrate, N-acetyl-L-tyrosine ethyl ester, 
was readily digested. 
chymotrypsin is the clotting of milk. Under con- 
ditions (Northrop, Kunitz & Herriott, 1948) in 


Table 1. 


One of the properties of 





1959 


which chymotrypsin (15 yg.) clotted the milk in 
about 10 min., 5 mg. of histone caused no clotting 
even in 16hr. The histone also did not prevent 
added chymotrypsin from clotting the milk readily, 

Acetyltyrosine ester was also used to test other 
histones, and activity was found in all our prepara- 
tions, in variable amounts as judged on the chro- 
matograms from the size and intensity of the spots 
of acetyltyrosine revealed by the Pauly reaction. 
Activity was also present in rat-thymus histones 
and in an old sample of calf-spleen histones. Mouse 
blood was also found to split the ester readily. The 
activity of histones towards N-acetyl-L-tyrosine 
ethyl ester was just apparent at pH 6-2 and in- 
creased up to pH 9-8, the highest pH tested. At 
the higher pH, the spontaneous hydrolysis of 
N-acetyl-L-tyrosine ethyl ester became rapid. No 
activity towards t-leucyl-L-tyrosine, 1-leucy]l- 
glycine or L-prolylglycine was observed at pH 9 in 
24 hr. with a histone preparation which readily 
split N-acetyl-L-tyrosine ethyl ester. In _ borate 
buffer (pH 8-3) there was a partial inhibition of 
activity towards N-acetyl-L-tyrosine ethyl ester in 
the presence of 0-067M-3-phenylpropionate, and 
mM-DFP achieved complete inhibition. However, 
treatment of histone V1 with mm-DFP at pH §$-2 
for 3 hr. and subsequent dialysis and freeze-drying 
did not produce a completely inactive material, a 
slight fission of N-acetyl-L-tyrosine ethyl ester 
occurring in 2l1hr. Histone V2, extracted from 
nucleoprotein which had been washed with 0-14m- 
NaCl containing 130yumM-DFP and subsequently 
dialysed against water containing 30 um-DFP, gave 
end groups with the highest proportion of proline 
and alanine obtained up to that time (see Table 1). 
A repeat on a larger scale was less successful (V 3, 
Table 1). Advantage is now taken of the inhibitory 
effect of DFP at higher concentrations to protect 
the histones from some of the enzyme degradation 
during the alkaline coupling with FDNB. For this 
purpose DFP is added to give a final concentration 
of mm. 

When trypsin or chymotrypsin was allowed to 
digest histone sample V1 at pH 9 for 24hr. at 
room temperature, the extra N-terminal groups 


N-Terminal groups of unfractionated histones 


The proportions of N-terminal groups are expressed as percentages of the total end groups found. 


Histone preparation 


(for origin, see text) ... Vi 
N-Terminal amino acid 
Proline 50 
Alanine 36 
Lysine 5 
Others* 9 
10-3 x wt. of histone/mole 32 


of end groups 


V3 


46 
37 
8 
9 
31 


* Glycine, valine, leucine (or isoleucine), serine, threonine aspartic and glutamic acids. 


NP V2 H30X H32X 
52 54 54 60 
37 38 39 36 

5 3 3 3 

6 5 4 1 
32 36 31 41 


} 


— 


ag 
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N-Terminal groups of various histone fractions 


The proportions of N-terminal groups are expressed as percentages of the total end groups found. 


Histone fraction 


(for origin, see text) H 21/2 H21/3 V2/F2 V3/F2 V1/B V2/F3 V3/F3 VI/A 
N-Terminal amino acid 
Proline 28 54 81 76 78 13 8 14 
Alanine 21 30 13 10 5 83 76 74 
Lysine 31 6 3 9 1¢ 2 4 4 
Others* 20 10 3 5 7 2 12 8 
10-3 x wt. of histone/1 mole 34 33 40 47 38 34 28 32 
of end groups 
* Asin Table 1. 


0-01 N-HCl 
<— 0:02 N-HCI 


400 


0:02 N-HCI 


0:01 N-HCI 





200 400 600 


Effluent vol. (ml.) 


Fig. 1. Effluent diagrams of calf-thymus histones (100 mg.) 
chromatographed on carboxymethylcellulose columns 
(14cm. x2cem.). All the solutions were applied to the 
columns in 2 mn-HCl and eluted with HCl of the concen- 
trations shown. (a) Run with unfractionated histones; 
(b) run with fraction 2 (F 2) from (a), on a fresh column; 


ND 


(c) run with fraction 3 (F3) from (a), on a fresh column. 





released, in decreasing order of importance, were: 
(with trypsin) alanine, lysine and glycine, together 
accounting for 60% of the total increase; (with 
chymotrypsin) alanine, lysine, glutamic acid and 
glycine, together accounting for 75% of the total 
increase. These compare closely with the 70-80% 


increase due to alanine, lysine, and glycine seen in 
the 


histones H23 and V1 mentioned above. 


Approximately 1 
parts of histone 


10 000 
effects 


part of chymotrypsin in 
would account for the 


observed. 


Chromatography of histones on 
carboxymethylcellulose columns 


The end-group results given by fractions of calf- 
thymus histones prepared by chromatography on 
CMC columns under the conditions employed by 
Davison (1957), using gradient or stepwise elution 
with acetate buffers of pH 4-2, showed them still to 
be complex mixtures. An example is given in 
Table 2, where sample H21/2 is the first histone 
peak eluted and H21/3 the main peak. In further 
work, HCl was used as the eluent, since it seemed 
from the results above that aggregated histone 
might still be present at pH 4-2. Gradient elution 
of the column with 2mm-rising to 0-05N-HCl 
showed three peaks (Fl, F2 and F3), and these 
were more conveniently separated on later columns 
by stepwise elution with 2 mn, 0-01N- and 0-02N- 
HCl. Fig. 1 (a) shows the elution diagram with 
histone sample H25, and similar patterns were 
obtained with five other preparations. After F 1 no 
further material could removed the 
columns by stepwise elution until 0-01N-HCl was 
used. 

The end groups of the main fractions, F2 and 
F 3, from CMC columns have been examined and 
examples from histone preparations V2 and V3 


are given in Table 2. 


be from 


Fraction 1 has never been 


large enough for end-group measurements to be 


made. In several runs the peaks and interspaces 
have been analysed for nitrogen content and 


recovery of ‘extinction units’. The results are given 
in Table 3, together with the values for the two 
fractions resulting from the NaCl-aq. NH, fraction- 
ation of the histones by the method of Davison & 
Shooter (1956). 

Table 3 also shows that the recovery of histones 
from the columns was at least 86 %. The elution of 
further traces of histones from the columns by 
0-1N or more concentrated HCl or by 0-1N-NaOH 
has occasionally been seen, but the concentrated 
acid and alkali also produce ultraviolet-absorbing 
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materials from the cellulose itself. It seems certain, 
however, that small amounts of histones are left 
adsorbed after peak F3 has been eluted with 
0-02N-HCI since the cellulose column, after washing 
with water, extruding from the tube and drying, 
gave a positive Sakaguchi reaction throughout its 
length. 

In order to demonstrate the effectiveness of the 
separation on the CMC column, the two main 
fractions, F 2 and F3, from a run with histone H 25, 
were diluted so that the HCl concentrations were 
2 mn, and they were then run separately on fresh 
columns and eluted with 0-01N- and 0-02N-HCI. 
With F2 [Fig. 1 (b)], 85% of the material (#778™ 


basis) appeared as before on elution with 0-01N- 





HCl, and only about 3% appeared when 0-02N- 
HCl was subsequently through. With F3 
[Fig. 1 (c)], none of the material was eluted with 
0-01N-HCl and 80% with 0-02N-HCl. The 
groups of the fractions were unchanged after the 


run 





end 
second chromatography. 


Table 3. 
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Amino acid composition of histones 
and histone fractions 
Table 4 gives the average amino acid composition 
of the unfractionated calf-thymus histones as 
determined in duplicate from samples E1, V1, V2 


and V3. For comparison the values for calf- 
thymus histone determined by Crampton e¢ al. 
(1955), also shown in the table, have been re- 


but 
1-1 moles of methionine found by those authors, 


calculated on the same basis excluding the 
since this amino acid was not definitely observed on 
any of our chrometograms. The compositions are 
also given for two examples of the carboxymethyl- 


cellulose column fractions F2 and F3, and for the 


two fractions obtained from an NaCl-aq. NH, 
treatment of histones by the method of Davison & 
Shooter (1956), using histones El and V1 (the 


latter in the presence of mm-DFP), E1/A and V 1/A 
E1/B 


were the precipitated histones and and 


V 1/B remained in the supernatant. 


Relative proportions of various histone fractions 


The ranges of values given are percentages of those given by the unfractionated materials. 


Source of fractions Fraction 
Interspaces 
Carboxymethylcellulose Fl 

column chromatography r2 

{see Fig. 1 (a)] F3 

Totals 

NaCl-NH,OH precipitation A (precipitate) 
B (supernatant) 


* The product E7i8m" 


Table 4. 


x vol. (ml.) for each fraction. 


Relative proportions found 


By N By extinction Histone 
determination measurement* By wt. preparations 

3-8 2-11 

2. 3-15 H23, H25 

51-67 53-62 + fa 

20-31 91-99 El and V3 

86-95 86-99 

44+ 47-55 40-43) H1, H16, H18, 

56t 45-55 57-60} El and V1 


+ Sample H16 only. 


Amino acid composition of histones and histone fractions 


The values are moles of amino acid/100 moles of all amino acids found. Valine, leucine and isoleucine were eluted as one 
spot, when not sufficiently well separated. Similarly with aspartic acid and glutamic acid. 





Histone preparation or fraction ... * + VI/A 
Amino acid 
Aspartic acid 4° 4-4) Lb-7 
Glutamic acid 8 9-2) ; 
Glycine 8- 8-6 9-7 
Alanine 136 146 113 
Valine 6-2 6-1 7-9) 
Leucine /isoleucine 12-2 11-6 12-5) 
Phenylalanine 2-1 1-0 2-3 
Tyrosine 2-5 1-5 2-1 
Serine 59 5-0 37 
Threonine 5°75 5-5 6-6 
Proline 5-1 48 2-6 
Arginine 8-4 9-5 12-6 
Lysine 14-9 16-6 11-6 
Histidine 2-0 1-3 1-6 
Amide N (as % of total N) 4-17 4-0t 


* Crampton, Moore & Stein (1955) recalculated with omission of methionine. 


E1l/A V4/F3 V3/F3 V1/B  E1/B V4/F2 V3/F2 
14:8 17-9 16-4 14-2 13-8 12-7 13-2 
10-1 6-2 5-8 7-2 8-6 9-2 9-5 
11-4 12-7 15:4 17-4 17-8 14-0 14:2 
21-4 17-1 15-2 16:1 13-6 17-5 17-9 
2-5 2-7 2-1 0-6 0-5 1-3 1-4 
0 1-7 1-7 1-4 0 2-0 2-4 
4-0 4:3 5-1 58 6-5 4-6 6-0 
6:3 57 6-1 4-9 4-9 51 5d 
3°4 5-2 5-6 53 6-6 5-0 4:3 
15-5 11-8 10-0 7-4 8-7 9-0 79 
8-3 12-5 15-4 18-9 17-7 17-4 17-1 
2-2 2-3 1-1 0-8 1-4 2-0 1-0 
4-5 3°7 


See text. 


+ Average or results from histone preparations El, V1, V2 and V3. 


{ Histone preparation V3 only. 
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The amide-nitrogen content of histone prepara- 
tion V3 and the two column fractions obtained 
from it are also given in Table 4. 


DISCUSSION 


The calf-thymus histones are, as regards the N- 
terminal groups, so stable in 0-25N-hydrochloric 
acid that their customary preparation with this 
acid at 5° would not entail the formation of any 
extra end groups. Moreover, the end groups are 
found in such quantities that they must pre-exist 
in the thymus histones unless some especially acid- 
labile bond is present, such as is postulated by 
Schramm, Braunitzer, Anderer, Schneider & Uhlig, 
However, 
the finding that the same end groups in about the 


(1958) in tobacco-mosaic-virus protein. 


same quantities are present in histones which have 
at no time been more acid than pH 6 (Table 1, 
sample NP) disposes of this possibility. 

The that preparations 
degraded in alkaline solution, that this effect is 


findings histone are 
almost abolished by mm diisopropyl phosphoro- 


fluoridate, and that N-acetyl-L-tyrosine ethyl ester 


is split by them, point strongly to the presence of 


a proteolytic enzyme in the preparations, with 


some of the properties of chymotrypsin. The chief 


new end groups released during this degradation are 
alanine, lysine and, to a less extent, glycine. Such 


degradations could occur in the preparation of 


the histones, during the washing with aqueous 
sodium chloride, the dialyses and the coupling with 
FDNB, and it is noteworthy that the lysine end 
groups of fractions (see Table 2) have frequently 
been found to be much higher than in the parent 
histones (compare V 1 in Table 1 with its fractions 
given in Table 2), and the variability of this end 
group was noted in previous work (Phillips, 1958). 
A small variation in alanine end groups would 
scarcely be noticed as it is already a major end 
group. 

The literature contains many accounts of pro- 
teinases occurring in animal tissues of all kinds, and 
there is some resemblance between the properties 
of the enzyme described here and the proteinase I 
from lung tissue reported by Dannenberg & Smith 
(1955). As with our material, their enzyme hydro- 
lysed acetyltyrosine ester and was partially in- 
hibited by DFP. 

The use of DFP during the preparation of the 
histones (Table 1, sample V2) or the use of the 
more slight acidification of the salt 
washes (Table 1, sample H30X) and avoidance of 
dialysis by the use of sulphuric acid extraction 
followed by barium sulphate precipitation (Table 1, 


convenient 


sample H32X) has led to increasing proportions of 
proline and alanine end groups (see Table 1). The 
other N-terminal groups have become so small that 
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it is suggested that the native calf-thymus histones 
probably have only two N-terminal groups, proline 
and alanine, the others arising by degradation. 
Concomitant with the simplification of the end 
groups is an increase in the weight of histone per 
mole of end groups to 30 000—40 000. 

The experiments on the fractionation of the 
histones on carboxymethyleellulose columns give 
two chief products, and each has largely a single 
end group. Thus in V2/F2 and V3/F2 (Table 2), 
about 80% of the end groups are proline and in 
V2/F3 and V3/F3 about 80% are alanine. Since 
each fraction gives virtually a single peak when run 
again on a fresh column [see Fig. 1 (b), (c)], it seems 
that the presence of 13 % of proline ends in V 2/F 3 is 
not due to incomplete separation, but due to a 
second proline-terminated histone with chromato- 
graphic properties like V 2/F3. A similar argument 
applies to the 13% of alanine ends in fraction 
V 2/F 2. 


degradation during manipulation, the existence of 


However, until one can avoid any kind of 


these minor fractions will be doubtful. 
The of the two 
are in close agreement with those of the super- 


end groups column fractions 


natant and precipitated histones obtained by 
sodium chloride—ammonia fractionation (Davison 
& Shooter, 1956) in the presence of mm-DFP 
(Table 2, samples V 1/B and V1/A). 

The 


fractionated histone samples used here is in broad 


overall amino acid composition of un- 
agreement with the accurate values of Crampton 
et al. (1955), as shown in the first two columns in 
Table 4. We find that there is also agreement in the 
composition of the main peak from the CMC 
columns (Table 4, samples V3/F2 and V4/F2) 
and that of the histone from the supernatant of the 
sodium chloride—-ammonia fractionation (V 1/B and 
E1/B, Table 4). 


similar excess of lysine over arginine residues in 


Both sources give histone with a 


them. We thus have fractions, obtained by two 
different methods, which have the same end groups, 
a similar total amino acid composition, and which 
are produced in similar amounts from the parent 
histones, as shown by the proportions given in 


Table 3. The agreement is not perfect but it 
is suggested that these materials are largely 


identical. 

When we turn to the other fractions in Table 4, 
however, discrepancies appear. The yield of sodium 
chloride-ammonia-precipitated histone A is un- 
doubtedly greater than that of column fraction F 3, 
as shown in Table 3. The end groups, however, 
agree almost as well as the other case cited above, 
the F3 fractions and the A fractions both having 
about 80% of alanine end groups (see Table 2). 
The total amino acid compositions, however, differ 
considerably, the sodium chloride-ammonia-pre- 
cipitated histone having more glycine, valine, 
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leucine (isoleucine) and arginine, but less alanine, 
proline and lysine. The reason for these differences 
is uncertain. Some protein is left adsorbed on the 
CMC columns and we postulate that it has mainly 
alanine end groups and a composition rich in 
arginine. 


SUMMARY 


1. Calf-thymus histones prepared by acid ex- 
traction of sodium chloride-washed deoxynucleo- 
protein contained a proteinase (partly inhibited 
by mm diisopropyl phosphorofluoridate), which 
gave rise to extra N-terminal alanine, lysine and 
glycine residues in the histones, especially at 
pH 7-8. 

2. Histones prepared under conditions mini- 
mizing this proteolysis had proline and alanine N- 
terminal groups accounting for up to 96 % of all end 
groups and amounting to 1 mole/30 000—40 000 
weight of histone. 

3. These two end groups pre-existed in the 
deoxynucleohistone and were not produced by the 
acid extraction. 

4. On carboxymethylcellulose columns run with 
dilute hydrochloric acid as eluent, the histones gave 
two main peaks, accounting for at least 86% of 
the histones. The first peak had mainly proline, the 
second mainly alanine N-terminal groups. 

5. The two column fractions have been com- 
pared in yield, end groups and amino acid composi- 
tion with the two fractions resulting from the 
sodium chloride-ammonia fractionation of the 
histones. 
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